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ABSTRACT 
This research work was carried out to investigate the effect 
of unregenerated short cellulose fibres from woodpulp on the 
properties of rubber vulcanisates. It was also an objective of 
this work to find the type of woodpulp which was able to produce 
short fibre-rubber composites of good physical properties at a 
reduced cost. 
A screening procedure was carried out to identify one parti- 
cular type of woodcellulose short fibre for detailed investigation. 
Mechanical woodpulps containing short cellulose fibres were selec- 
ted based on their dispersibility properties in rubber, low cost, 
and universatility of application. 
Among various types of bonding agents studied, a resorcinol- 
hexamethylenetetramine (RH) system was found to be most effective 
to bond woodcellulose fibre (mechanical type) to natural rubber 
-matrix. This was judged by certain properties namely, restricted 
equilibrium swelling, yield stress and tear strength. 
0 
Restricted equilibrium swelling in particular was established 
to be a very useful technique by which the degree of adhesion can 
be predicted. In-this technique, the short fibre-rubber composites 
were swollen in toluene. for one week, after which, the volume restric- 
tion value, Vr was calculated using the following formula: 
VI - VF 
ii 
where VT and VF are the volume fraction of rubber in dry and 
swollen samples respectively. Based on Vr value, it has been 
observed that, with the exception of silane, all bonding systems 
studied improved woodcellulose fibre-natural rubber adhesion. 
Optimisation work to determine the optimum level of 
resorcinol-hexamethylenetetramine combination was also carried 
out based on a statistical factorial experimental design, in 
particular the 'central composite design'. Contour graphs of 
different properties of compounds for various levels of bonding 
agent combination were obtained by means of computer programmes. 
From these contour graphs it has been established that the 3 parts 
of hexamethylenetetramine (HMT) and 4 parts of resorcinol combina- 
tion gives the best overall properties. 
The RH bonding system studied, beside functioning as bonding 
agent, was also found to crosslink rubber chains through the forma- 
tion of resin during high temperature vulcanisation process; a 
mechanism of this chemical reaction is postulated. 
Mechanical properties of composites containing optimum level 
of resorcinol-HMT combination measured in the direction of fibre 
orientation have indicated their dependence on fibre concentration. 
Young's modulus in particular increases exponentially with 
increasing fibre concentration. Experimental and theoretical curves 
of Young's modulus versus volume concentration of fibres show good 
correlation up to fibre volume concentration of 30%; beyond which 
increasing divergence occurred. 
111 
Besides physical and mechanical properties, the cost factor 
of woodcellulose fibre-rubber composite is also considered. 
Cost advantage is clearly evident as a result of incorporation of 
woodcellulose fibre in natural rubber compound. 
iv 
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CHAPTER 1 
INTRODUCTION 
1.1 Rubber 
Rubber is a unique material. It is very different from that 
of traditional materials such as metal, alloys, ceramics etc. 
Its uniqueness is due to the fact that, it possesses an unusual 
combination of strength, softness, elasticity and resistance to 
abrasion. In addition, a wide range of properties can be obtained 
by incorporating different types and different amounts of ingre- 
dients in its matrix. Thus, the material becomes very useful for 
a very wide range of applications, ranging from rubber bands to 
aircraft tyres. 
In its raw state, rubber has very little practical uses. 
This is the reason why for several centuries rubber was used only 
for balls in playing games, for waterproofing cloth and for foot- 
wear(' 
). But it was never considered to be entirely satisfactory. 
This is because it melted in the Summer heat and froze hard in the 
Winter cold and became sticky when exposed to certain organic 
solvents(1'2). It was only until 300 years had passed before 
rubber became a practical material. Today, only with the exception 
of sole crepe which is used for making shoe soles, does the rubber 
find use in its raw state. 
This important development was made possible by the discovery 
of vulcanisation process by Charles Goodyear in 1839, a process by 
which mainly weak plastic rubber is converted into a highly elas- 
2 
tic material of considerable strength 
(3'4). 
The process involves 
the chemical crosslinking of long, flexible rubber chains to 
produce a 3-dimensional network by means of crosslinking agents 
such as sulphur, peroxide, urethane etc. Among these various 
crosslinking agents, sulphur was the paramount agent of affecting 
crosslinking ever since the inception of vulcanisation(4). In this 
work, sulphur will be used as the crosslinking agent with sulphe- 
namide as accelerator. 
1.2 Reinforcement of Rubber 
Reinforcement is a concept which relates basically to compo- 
sites built from two or more structure elements or components of 
different mechanical characteristics whereby the strength of one 
of these elements is imparted to the composite combined with the 
set of favourable properties of the other components, for instance 
a concrete with embedded steel rods or cables whereby the high 
strength of steel is imparted to the concrete to give its increase 
in flexural and impact strength 
(5). Another example which is widely 
applied in the rubber industry is the reinforcement of rubber by 
textiles whereby the textile provides the main strength and dimen- 
sional stability to the composite, while the rubber protects the 
textile from abrasion and impact and also holds the composite in 
one coherent uni t(6). In addition, the resultant composites must 
be easily shaped into the required form of the final article, and 
it is stabilised within a reasonable period of time. 
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1.2.1 Reinforcement by Particulate Fillers 
In the rubber industry, the term 'reinforcement' is usually 
referred to as reinforcement of rubber by means of particulate 
fillers such as carbon black, silica etc. In fact with the excep- 
tion of the vulcanisation process, no other process is more impor- 
tant or as widely practised as the process of reinforcement of rubber 
by fillers. To cause reinforcement, the fillers must be of rein- 
forcing types. By definition, reinforcing fillers are fillers 
that improve the modulus and failure properties (e. g. tensile 
strength, tear, resistance, and abrasion resistance) of the final 
vulcanisate(5'7). These include particulate fillers such as carbon 
black, silica and silicates. Besides, there are also fillers which 
are classified under non-reinforcing types such as whiting and ground 
chalk. This non-reinforcing type are utilised to reduce cost, or 
improving processing by reducing 'nerve'(8). 
The reinforcement mechanism of these fillers are different 
from one type to another. However, it is generally agreed that, in 
the final state, strong linkages exist between rubber chains and 
(9) 
reinforcing filler particles. 
1.2.2 Reinforcement of Rubber by Means of Short Discontinuous 
FT res 
In addition to particulate fillers, rubber is often reinforced 
by continuous fibres; the resultant laminate materials are very 
strong and are well suited to applications involving cyclic defor- 
mation as in tyres, belting, hose etc. However, the preparation 
of this continuous fibre or cord is complicated, multistage and 
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difficult to control. The fibres used have to be first produced 
as filaments either by spinning for nylon and polyester; regen- 
eration for rayon; or drawing for steel and glass. The filaments 
are converted into cords by twisting several together and then for 
most applications, the cord is converted into fabric by weaving(1° . 
Treatment with an adhesive system such as resorcinol-formaldehyde- 
latex (RFL) follows and this is itself multistage - dipping, 
stretching and drying. Finally the fabric is coated with a skin 
of rubber("). This process works well, but strict quality control 
is needed at each stage. 
Due to drawbacks of using long continuous fibres as cited 
above, there has been considerable interest during the last decade 
of using short-discontinuous as a means of rubber reinforcement. 
Although resins reinforced by short fibres (the most common 
being chopped fibreglass reinforced thermosets and thermoplastics) 
have been widely established, the use of short-discontinuous fibres 
in rubber has been somewhat neglected( 
12). This is mainly due to 
technical problems relating to 'processing, fibre orientation, fibre 
bonding or suitable fibre-matrix selections. Despite these 
problems, the use of short-discontinuous fibres in rubber is not 
new to the industry(13). Tyre retreaders have been using chopped 
non-metallic fibres, mainly cotton and rayon in 'camelback' for 
quite some time. Gasket materials containing textile-grade floc 
or asbestos fibres have been on the market for many years(13). 
Recently, chopped coated glass fibres or brass plated steel cord 
were included in the treadstocks, and claimed to impart increased 
. 
( durability to truck tyres, off the road, and aircraft tyres14) 
Currently a number of manufacturers of automotive coolant hose 
have been. involved in the process of developing coolant hose 
using short-discontinuous cellulose fibres as a replacement mate- 
rial for long continuous fibres in the form of fabric(14) In 
fact a Renault Car Company in France has started applying coolant 
hoses made by using short cellulose fibres. By using short fibres, 
the multistage process of conventional manufacturing procedures of 
making coolant hose, which consists of the sequential extrusion of 
continuous tube, knitting, and the application of a cover by a 
final T-head extrusion process, is eliminated(14). With short 
fibre-rubber composite a hose is built in one continuous step i. e. 
by direct extrusion of the compound. In addition to the above 
applications, short fibres have also been used in other rubber 
products such as solid tyres, aircraft fuel tanks, ignition cables 
for cars, car and truck 'V' belts, roll covers, rail pads, tyre 
(bead fillers etc15). 
Short discontinuous fibres can also be considered as a rein- 
forcing filler for rubber. Its advantage as opposed to reinforce- 
ment by means of particulate filler, is that by careful control 
of processing conditions, the fibres can be aligned, so that a 
composite with marked anisotropy can be produced. This effect 
would have distinct advantages in certain applications. In 
addition, a high degree of composite stiffness can be achieved by 
utilising only small loading of short fibres. 
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1.3 Composite Materials 
In this work the term 'composite' is used for rubber rein- 
forced by long or short fibres. Thus, it is essential to define 
the term to avoid any confusion. 
Definition of what composite material actually is, is a quite 
controversial area of debate. This is due to the problem of deciding 
when a monolithic or simple material has become a composite or 
heterophase one. It is significant to mention that neither British 
Standards Instituion, nor the American Society for Testing Mate- 
rials have 'composite materials' specifically defined in their 
glossary of terms(16). 
However, most definitions from various sources 
(17,18) do at 
least seem to agree that there is a basic requirement for different 
materials to be combined in such a manner as to produce a new mate- 
rial 
., 
of a more complex structure in which the constituents substan- 
tially retain identity. Composite material may be divided into 
two namely 
06) 
: 
a) Macro-composite - if one or more of any dispersed phases are 
resolvable by human eye at ten times magnification or less 
i. e. >10-6m (lu m) and distinguishable extensively across 
their widest or longest axis or there is more than one con- 
tinuous phase present. 
b) Micro-composite - when all the individual dispersed phases 
are between 10-8 to 10-6m across their widest or longest 
axis and there is. only one continuous phase present. 
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Reinforcement of rubber by means of carbon black produces 
micro-composite materials whereas reinforcement of rubber by means 
of short fibres (e. g. cellulose fibres) produces macro-composite 
materials. 
In simple terms, a composite material may be defined as any 
substance which is made by physically combining two or more exis- 
ting materials to produce a multiphase system with different 
physical properties from the starting materials but in which the 
(l 
constituents retain their identity6ý 
1.4 Types of Fibres 
Various types of short discontinuous fibres ranging from 
natural fibres such as cellulose and asbestos, to synthetic fibres 
such as rayon, nylon, polyester, glass, carbon, kevlar and even 
wire have been incorporated in various rubbers such as natural 
rubber, EPDM rubber, SBR rubber, chloroprene rubber and even 
(l 
polyurethane and fluorocarbon rubbers 
9-25) 
, However, among the 
fibres mentioned above, cellulose fibres which were obtained from 
woodpulps have attracted most attention and therefore quite a 
number of papers have been written on the reinforcement of rubber 
by means of these fibres 
(12,22,24-29). Nevertheless reinforcement 
by means of other types of fibres have also attracted various 
research workers and have not been neglected altogether. Various 
research papers 
(13,19,20,23) 
were published on the use of others 
types of short fibres for rubber reinforcement for instance by 
Darringer(19-21) in 1971 who studied short fibres of glass, nylon, 
I 
acrylic, rayon and polyester. A brief account of types and properties 
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of various natural and synthetic fibres available are used in 
rubber industries and are described here. 
1.4.1 Nylon Fibres 
This is an aliphatic polyamide manufactured by condensation 
of a dibasic acid and diamine(30). The main type which is widely 
used in the rubber industry is nylon 6,6 
H00 H* 
11 11 
NH(CH 2)6 -N-C -(CH 2)4 -C N- - 
Nylon 6,6 
The mechanical properties are highly dependent on processing, 
drawing and the nature of the heat setting process used to maximise 
strength and modulus. When properly made, nylons are strong, 
highly resilient and relatively insensitive to moisture. In, long 
continuous form (textile) these fibres are used extensively in 
many industrial applications particularly when high strength and 
high resilience are required for instance conveyor bplts, hoses 
and tyres(31). In short discontinuous form, up to date, not much 
research work has been carried out on the use of these fibres in 
(19-Z1) 
rubber. Derringer in his investigation used various types 
of short fibres including nylon fibres where he found that rubber 
composite containing nylon gives much lower tensile strength and 
Youngs modulus as compared to rubber composite containing glass, 
rayon or acrylic. fibres. However, he did not give reason(s) for 
such findings. 
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1.4.2 Glass Fibres 
Glass fibres are classified under inorganic or mineral fibres 
along with steel and asbestos and these fibres are by far the most 
important(32) and most widely used mineral fibres in rubber and 
plastic industries combined together. In the plastic industry, 
glass fibres are used widely to reinforce polyester resin to produce 
a composite with a strength and stiffness close to that of the 
fibres and with the chemical resistance of plastic. This composite 
has found very wide application for making many products such as 
boats, cars etc. 
However, glass fibres have not found as large an outlet in 
the rubber industry as it has in the plastics field. Nevertheless, 
it has been used and there is every indication that the consumption 
of these fibres has been increasing. This is particularly so in 
the tyre industry. Young(34) has predicted an increase in consump- 
tion of glass fibres for tyre cord from about 15,000 tonnes/annum in 
1969 to 40,000 lonnis/annum in 1975. This prediction was made based 
on the fact that the properties of glass fibres in compc t-Son with 
steel for tyre cord applications are attractive coupled with it 
being less dependent on oil than other synthetic fibres. Applica- 
tion of glass fibres above are based on long continuous form. In 
short discontinuous form, it has been shown that the application 
could be limited. This is due to the fact that glass fibres are 
brittle in nature and can be broken into fragments during mixing 
and milling in rubber 
(19-21,23,35). Derringer. 
(19-21) 
found that 
from the original length of 25 mm the glass fibres have broken down 
to about 0.1 mm after mixing in rubber. 
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Glass fibres are made from many different compositions of 
mineral glasses. The most common are based on silica (Si02) with 
additions of oxides of calcium, boron, sodium, iron and aluminium. 
These glasses are usually amorphous although some crystallisation 
may 
occur after prolonged heating at high temperatures. This 
(37) 
usually leads to reduction in strength properties. 
There are many different types of glass fibres available 
commercially, the most common ones being E, C and S types. 'E' 
glass (E for electrical), is the most widely used glass because 
it draws well and has good strength properties, stiffness, elec- 
trical and weathering properties. 'C' glass (C for corrosion) 
has a higher resistance to chemical corrosion that 'E' glass but 
is more expensive and has lower strength properties. 'S' glass 
is also more expensive than 'E' glass, but has a higher Young's 
modulus and is more temperature resistant( 
37). It is used in 
special applications such as the aircraft industry where the higher 
modulus will justify the extra cost. 
The outstanding propery of glass fibres is their resistance 
to chemical attack. This is due to their chemical inertness(38). 
In comparison with more common textile fibres, they are dense, 
with a specific gravity of about 2.5. They absorb virtually no 
moisture from the atmosphere, and the mechanical properties are 
nearly identical under wet and dry conditions. 
Nevertheless glass fibres exhibit certain disadvantages which 
may inhibit its application as reinforcing agents for rubber. 
The most important of all being its sensitivity to surface damage 
and its poor bonding to the matrix due to its chemical inertness. 
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These drawbacks have been overcome by coating the surface of the 
glass fibre with a polysiloxane polymer which bonds directly to the 
glass and then this is covered with a blend of resorcinol-formalde- 
hyde vinyl pyridine latex mixed with'a diene rubber latex for adhering 
. to any subsequent rubber substrates31) 
1.4.3 Carbon and Graphite Fibres 
These fibres are prepared by controlled thermal degradation 
of cellulosic or synthetic organic fibres, yarn, or textile(38). 
Oxidation resistance carbon fibres are fully amorphous materials 
of a carbon content in excess of 97%. One of the most desirable 
properties of carbon fibres is their high sublimation point of 
36500C, along with their relatively high thermal conductivity. 
These fibres are commercially available in the form of bulk fibres, 
paper and felt, yarn, tape and cloth. 
Graphite is a more crystalline, high purity form of carbon, with 
a carbon content in excess of 99.6% and a very low ash content of 
less than 0.1%. The oxidation resistance of these fibres surpasses 
that of carbon. These fibres are used extensively in applications 
for which high breaking strength of the woven material in combina- 
tion with resistance to oxidation is important. Little work has 
been reporftol to on the use of carbon fibres as reinforcing medium 
for elastomers. Eccersley(35) in his review of short fibre reinfor- 
ced rubber composites, referred to various papers and texts on the 
use of carbon fibres in elastomers. Gill( 
40) 
reported the use of 
these fibres in high performance rubbers such as fluorocarbon. 
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Improvement in high performance was achieved when these fibres 
were incorporated in fluorocarbon copolymers. 
A more detailed work specifically on the use of carbon fibres 
in fluorocarbon rubber and ethylene-propylene (EPDR1) and isoprene- 
isobutylene (butyl) rubbers has been reported by Sieron(41). 
He found that carbon fibres were shown to improve the tensile 
strength retention to 30% after ageing at 250°C as compared with 
15% retention for rubbers without carbon fibre reinforcement. 
However, no mention was made of the final fibre length after 
processing, neither is there any mention of the importance of 
fibre orientation and fibre-to-matrix bonding. 
More recently Eccersley(35) reported the results of the work 
he carried out on reinforcement of silicone rubber with carbon 
fibres. He found that the original fibre length of 3 mm has broken 
down to about an average of 0.1 to 0.2 mm due to its brittleness. 
In addition, he also found that carbon fibres did not improve the 
tear strength of silicone rubber. However, these fibres were shown 
to be more beneficial in improving stress-strain properties of 
silicone rubber compared with the addition of an increased amount 
of reinforcing silica filler. 
1.4.4 Asbestos Fibres 
Asbestos is a generic term for a number of materials that occur 
naturally in fibrous form. The more commonly encountered asbestos 
materials are actinolite, arnosite, anthophylite, crocidolite, 
chrysotile and tremolite. The individual materials which fall 
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within the scope of the term asbestos, vary widely with respect 
to chemical composition, physical structure and properties. 
Asbestos fibres are extremely fine and fibrillar in nature 
which is probably responsible for its high strength. These fibres 
are extremely resistant to heat and will not burn. For example 
chrysotile asbestos fibres lose less than 15% of their weight 
upon a2 hour exposure to temperature up to about 1000°C. 
The mechanical properties are adequately retained when exposed 
to temperatures of about 300°C. Table 1.1 shows physical proper- 
ties of asbestos materials. 
TABLE 1.1: Physical Properties of Asbestos Minerals 
(42) 
Physical Properties Amosite Chrysotile Crocidolite 
Fibre density, g/cm3 3.1 2.6 3.2 
Ultimate tensile 2.07x103 2 76x103 3 45x103 strength, MPa . . 
Young's modulus, MPa 1.52x105 1.52x105 1.72x105 
Specific heat 0.19 0.27 0.20 
Refractive index 
(for light vibrating 
parallel to fibre 
1.69 1.50-1.56 1.70 
axis) 
Because of their resistance to heat, asbestos is used to make 
products for industrial applications where heat resistant in combi- 
nation with mechanical stability are required. 
The use of asbestos fibre in combination with plastics dates 
back to the 1920s where they were used in asphalt floor tiles, 
phenolic moulding composition, and asphalt coatings. These were 
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then followed by vinyl-asbestos floor tiles and chemical resistant 
equipment in the 1930s. Today, the largest quantity of asbestos 
fibres used in plastics consist of the shorter grades, which func- 
tion primarily as fillers rather than reinforcing fibres. 
To date the use of asbestos fibres in rubber has been very 
limited. A paper by Derringer 
(21) 
used various types of fibres 
including ultrafine asbestos fibres for rubber reinforcement. 
Asbestos fibres were observed to give highest modulus and most 
resistance to creep as compared to rayon and glass fibres. 
However, despite various advantages of these fibres, the 
applications are restricted because certain types are found to 
(43) 
cause lung cancer known as asbestosis. 
1.4.5 Rayon Fibres 
Historically, rayon fibres were the first man-made fibres 
to receive wide recognition and general acceptance by consumers(38). 
Rayon is a generic term for regenerated cellulosic fibres. Low- 
molecular weight wood pulps is the main source for rayon manufacture, 
although cotton linters are sometimes used. However, the choice 
depends upon the final properties which are desired and upon the 
availability of the two materials. When wood pulp is used, it is 
first purified, treated with caustic soda, which converts it into 
alkali cellulose, then treated with carbon disulphide, which 
converts it into sodium cellulose xanthate, and then dissolved 
in a dilute solution of caustic soda. This solution is 'ripened' 
(the solution becoming at first less viscous and then increasingly 
nearly to its original viscosity) and then spun into an acid 
Text cut off in original 
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coagulating bath, which precipitates the cellulose in the form of 
viscous filaments 
(44). The cellulose which constitutes the final 
filament differs chemically from one original cellulose of wood 
in only one respect, i. e. due to degradation taking place during 
manufacturing process, the very long cellulose molecules have 
been partly hydrolysed and have been broken down into shorter, 
although still very long, molecules. 
Chemical reactions for manufacture of rayon(44) 
i) Reaction between cellulose and caustic soda: 
CHOH. GýOH 
-O-Cq-1 HC +n NaQH 
CH 0 / 
CH2OH 
(C 6H1005)n 
ii) Soda cellulose reaction with 
4' 
carbon disulphide: 
ýCHOH"CHONa 
-O-CH 
ic- +CS, 
RCN-0 
LH, OH 
Soda Carbon 
Cellulose Disulphide 
-fl 
CHOH"CHONa 
ý HC- 
Soda CH -C( rallulncp 
LH2OH 
(C6H9040Na)n 
/CHOH"CHO"CS"SNý 
-0-EH HC 
CH-0 
I CH2OH 
Sodium Cellulose Xanthate 
The reaction takes place on the hydroxyl group in position 2 
in the glucose residues in the cellulose polymer. 
3 0vrin9 X'"AANOrU (rcgcji-oh ii), at /' 't two seco'nc/*7 Co sfe/' ,. recich S 
40ta Place 
(4 46) 4r fQI/owS 
ýa) Kcvj OC SSNq -t Z I'IaO# _. _-_3 
`I 
C'J('4. N a2 COOS t Na SN f R1, OH X44/Cýýht 
(b) 3CS2. +( l4 11 =T P142C03 t 
2Al az. CS3 + 3H20 
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iii) Final step of reaction between sodium cellulose xanthate and 
sulphuric acid to convert sodium cellulose xanthate to 
cellulose: 
CHOH-CHO"C S-SNa 
/CHOH"CH 0H 
-O-C 
kt ; H, ý0, -® -O-CH HC 4CS, ) 
fHO 
CH2OH CH2OH 
Viscose rayon 
1.4.5.1 Properties of rayon fibres 
Typical properties of rayon fibres are shown in Table 1.2. 
Properties vary a great deal even for a material produced by 
a similar process and ever greater still if the material is 
produced by different processes. 
In the rubber industry, continuous filament industrial yarn 
and staple fibres are the only two types of this material used. 
In short discontinuous form various research workers 
(19,20,22,26) 
used rayon fibres in their investigations, apart from other fibres. 
However, no special mention was made on this fibre, as it was used 
as a comparison with other fibres such as glass and especially 
unregenerated cellulose fibres. 
The main drawback of rayon fibres is due to its great affinity 
towards moisture because of its hydrophilic nature. When used in 
tyres, the presence of moisture (up to 10%) gives rise to growth 
(45) 
of rayon and leads to failure. 
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TABLE 1.2: Typical Properties of Rayon Fibres 
(39) 
Property Viscose Process 
Cupram-moni um 
Process 
Tenacity at break, g/den 
65% rh, 210C 1.5 - 4.0 1.7 - 2.3 Wet 0.8 - 2.5 1.0 - 1.4 
Extension at break% 
65% rh, 21°C 10 - 30 10 - 17 Wet 15 - 40 20 - 25 
Elastic modulus, g/den 
65% rh, 21°C 45 - 70 50 
Wet 15 - 40 40 
Moisture regain at 65% rh, % 12 - 16 11.0 
Specific gravity 1.5 - 1.54 1.54 
Approximate volumetric 45 - 82 100 - 134 swelling in water, % 
1.4.6. Polyester Fibres 
{- bra, 
Polyestersbare synthetic polymers composed of at least 85% 
by weight of. an ester of a dihydric alcohol and terephthalic acid. 
The most common polyester fibres are those in which the dihydric 
alcohol is ethylene glycol(46). The most common fypP is polyethy- 
lene terephthalate (PET), having an empirical formula as follows 
(44); 
H --f- OCH2CH2O - - OH 
n 
Typical properties of polyester fibres are listed in Table 1.3. 
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TABLE 1.3: Typical Properties of Polyester Fibres 
(42) 
Property Continuous Filament Staple 
Tenacity at break, g/den 
65% rh, 21°C 4.0 - 6.0 3.5 - 5.0 Wet 4.0 - 6.0 3.5 - 5.0 
Extension 8t break % 
65% rh, 21 C 15 - 30 25 - 45 
Wet 
_ 
15 - 30 25 - 45 
Elastic modulus, g/den 
65% rh, 210C 90 90 
Moisture regain at 65% rh, % 0.4 0.4 
Specific gravity 1.38 1.38 
Approximate volumetric None None 
swelling in watery 1 
-1 
In the rubber industry, polyester textile fibre has been used 
in tyre cords and belts and also in V-belts due to recent improve- 
ments in yarns to enable them to be twisted at high speeds and 
reduction in shrinkage forces aimed at easier handling and better 
performance(34). In the form of short fibres, Anthoine and co- 
workers 
(22'26) have used this fibre in SBR stock and compared with 
other fibres. Polyester fibres were found to be difficult to bond 
to rubber, by chemical means due to the presence of unreative 
surfaces. 
1.4.7 Aramid Fibres 
Aramid fibres which have been developed by Du Pont Co, with 
the trade name Kevlar, is the most successful commercial organic 
we 37) fibre to dateIt is essentially amide fibre, but of aromatic 
derivative. Two forms, Kevlar 29 and Kevlar 49, are available; the 
ý 114A r-esPecf fo +"ilb6ar rQ'-r, Forc¢. rºont, 
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earlier was developed for tyres and reinforcement and has a high 
strength and intermediate modulus, whereas the latter has a higher 
modulus but the same strength as the earlier, and is the preferred 
fibre for high performance composite materials. 
A general chemical formula for Kevlar is thought to be as 
follows: 
It is an aromatic polyamide called poly(paraphenylene terepthal- 
amide). The aromatic rings resultain the polymer molecules having 
the properties of fairly rigid chains. These fibres are produced 
by extrusion and spinning processes and the resultant fibres are 
stiff polymer molecules which are aligned parallel to the fibre 
2(38) 
axis having a modulus of 130 GN m -2 . 
The outstanding properties of Kevlar as compared to other 
organic fibres such as nylon, polyester and rayon, are high tensile 
strength, high modulus, better dimensional stability which is con- 
trolled by modulus, growth, creep and the glass transition tempera- 
ture, better fatigue resistance though elongation at break is low 
and also better thermal stability. 
O'Connor studied aramid fibres in their short discontinuous 
form along with other fibres such as cellulose, nylon, glass and 
carbon and found that aramid fibres, along with nylon, give the 
best tear strength in both the longitudinal and transverse direc- 
tions. Also, it was found that resin is a better bonding agent 
for aramid fibres as compared to RH (resorcinol-hexamine) systems. 
yrxQýtEoxy.. ýQý4ý; 2e 
CMoasa"Lto 
C.. ) 
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Work on aramid short fibres was also carried out by Aziz(31) 
who found that urethane systems consisting of blocked diisocyanate 
and Novor 924 is also an effective binding system, for bonding of 
aramid fibres to natural rubber. 
1.4.8 Steel Wires 
Apart from other fibres, steel wires are also used to rein- 
force strength properties of certain rubber products. The main 
examples being steel belted tyres and heavy duty conveyor belting. 
High strength and high modulus, high density, excellent dimensional 
stability and non-existent creep and shrinkage as stresses and 
strains experienced by many rubber products are the main advantages 
steel has compared to other organic fibres. However although steel 
cord commands most interest for car radial tyre belts, not every- 
one regards it as certainty for the future, with glass and Kavlar 
having distinct attractions in the smaller tyre sizes at least(9). 
One of the disadvantages in using steel wires is the conversion loss 
from wire to cord which can be up to 15% making it difficult to 
achieve a desired level of tensile strength with some constructions. 
Thus, a compromise must be struck between using fine filaments, 
easy handling and forming well, but costing more, and coarse fila- 
ments which cause more problems but are economically more attrac- 
(tive34). 
In short discontinuous form, there has not been any research 
work carried out to study the effect of steel wires in rubber com- 
pound. However, the chopped brass plated steel has been incorpo- 
rated in treadstocks of tyres and was claimed to impart increased 
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durability to trucks, off the road, and aircraft tyres 
(13). 
1.4.9 Cellulose Fibres (Unregenerated Cellulose Fibres) 
Cellulose fibres are fibres obtained from plant such as 
cotton , jute, hemp, sisal, flax, ramie(47) and also wood. How- 
ever, in the rubber industry, only cotton and wood cellulose fibres 
are used for rubber reinforcement. Cotton cord has been the earliest 
reinforcing fabric used in the rubber industry, - In fact the coated 
fabric industry itself was traditionally based upon this tradi- 
tional material i. e. cotton 
(48) 
Cellulose fibres from wood have been 
utilised mainly in paper industry and also regenerated cellulose 
fibres i. e. rayon. However, in the last decade there has been 
growing interest in the use of unregenerated cellulose fibres 
obtained directly from woodpulp for rubber reinforcement. A 
considerable number of research papers and patents published on 
the use of unregenerated cellulose fibres in rubber confirm this 
claim 
(13,22,24-29). There are various advantages which can be 
offered by unregenerated cellulose fibres as compared to synthetic 
short fibres, as far as rubber reinforcement is concerned. Those 
advantages are: 
i) Availability -easily obtainable. 
ii) Cheap. 
iii) Chopping not required. 
iv) Can give good mechanical impregnation type of bonding to the 
rubber. 
v) Readily entwining their fibrils into the viscous unvulcanised 
rubber. 
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1.4.9.1 Research investigation 
Since unregenerated cellulosed fibres obtained from woodpulp 
will be the main concern of this work, the chemistry, structure 
and other aspects of this fibre, will be discussed in considerable 
detail in the next chapter. 
1.5 Various Aspects of Short Fibre Reinforcement of Rubber 
Short fibres, due to their high aspect ratio are potentially 
very effective fillers for modulus enhancement of rubbers. The 
addition of suitable short fibres together with other fillers 
such as carbon black results in further improvement of rubber 
mechanical properties over that obtained by particulate fillers 
alone(19). In addition to improved mechanical properties of 
rubber vulcanisates, short fibre reinforcement offers unique 
processing and mechanical affects such as choice of orientation 
during extrusion, calendering, milling, and moulding operations. 
This is considered as very useful for the manufacture of hose, 
belt, and other moulded items as a means of optimising efficient 
design and performance. 
In terms of microscopic morphology, a short-fibre-elastomer 
composite results from the embedment of short fibres in an elasto- 
meric matrix 
(12) (Figure 1.1). 
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Fibre 
Matrix 
- 10 Transverse direction 
FIGURE 1.1: Unidirectional Continuous Fibre Composite 
If the fibres are oriented such that they are parallel, the compo- 
site is said to be unidirectional, and the critical properties of 
such a composite relates to uses of the composites against forces 
in the longitudinal direction. The fibres have a function similar 
to that of textile cords commonly embedded in rubber. They give 
increased stiffness, resistance to creep and strenfjlk. 
In view of processing requirements, it is desirable to use as 
low a volume content of short fibres as possible in obtaining any 
improved properties. High volume of fibres make the composite too 
stiff (boardy) and difficult to handle. The use of a low volume 
content of fibres is possible in practice due to the fact that 
relatively low fibre loadings have a large effect on, for instance, 
both tensile strength and elongation as well as other properties(22'26) 
Foldi(13) found that at relatively low loadings, most staple fibres 
cause tensile reinforcement, both in cured and uncured state, which 
cannot be obtained through carbon blacks or other common additives. 
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Mechanical properties such as modulus, strength and ultimate 
elongation, as well as the swelling property are dependent upon 
various factors. These factors are fibre orientation, aspect 
ratio, adhesion between fibre and matrix compound, fibre concen- 
tration, processing techniques etc(' 
9,24) 
1.5.1 Fibre Orientation and Anisotropic Properties 
All short-fibre-elastomer composites demonstrate a grair. r. 
effect or anisotropy that is physical properties such as modulus, 
depends upon the degree and direction of fibre orientation. Thus, 
it is a very important aspect that must be discussed when a short 
fibre elastomer composite is studied. Related literature published 
(12,26,47) has indicated that fibre orientation has the largest 
influence on the short-fibre-elastomer composite properties. 
Moghe(49) in particular has shown that short fibres tend to orient 
along the direction of flow, thus providing different mechanical 
properties in different directions. In short fibre reinforced 
thermoplastics, Blumentritt and co-workers 
(50,51 ) have established 
that unidirectional fibre orientation gives higher tensile strength 
and Young's modulus than random fibre orientation (see Figure 1.2). 
The extent of fibre orientation depends on various factors 
(13) 
These factors are fibre types, fibre loadings, rubber matrix and 
also on the process used to prepare the composite (see Figure 1.3). 
Efficiency of orientation increases with increasing fibre loading 
for most fibres with the exception of polyester which tends to 
crimp or buckle at loading > 10 phr. However, partial or substantial 
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FIGURE 1.2: Tensile stress-strain of polyethylene/polyester 
fibre composite. Uniaxial and random fibre 
orientation 
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FIGURE 1.3: Influence of methods of-processing on fibre 
orientation and S-S property (54) 
b0 
Formulation: SBR/NBR blend containing mixed fibres of cotton, 
polyester and other synthetic fibres 
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orientation is relatively easy to achieve, although it is virtually 
impossible to obtain complete orientation of all fibres in a given 
(direction23ý, 
The extent of fibre orientation can be determined by micro- 
scopic examination of the sample, by solvent swelling techniques 
and also by radiation micrography. 
The techniques commonly used to orientate fibres in the com- 
posite are extrusion and calendering. However, in the laboratory 
when small quantities of mixes are used, oriented sheets can be 
prepared by passing the mix several times through the nip of an 
even speed 2-roll mill, without allowing it to form a band(36). 
It has been reported 
(49) 
that the composite modulus in the mill 
direction and also EB% and tensile strength do not depend on either 
the roll speed or number of mill passes. Therefore, it has been 
assumed that all possible fibre orientations can be achieved 
during the first mill pass, making additional passes unnecessary. 
This finding seems to be most unusual. However, composite modulus 
in all directions increases with decreasing mill opening (nip size). 
The effect of fibre orientation on the modulus of the short 
fibre-composite can be further illustrated by the following equa- 
tion expressing the relationship between modulus and angle of 
orientation. This equation is derived from swelling analogy by 
52ý. (Coran 
and co-workers 
E1= 
Coe +Siý? e 1.1 
etT 
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where E0 is composite modulus wherein t6efibres deviate from the 
direction of test by angle 0, EL is composite modulus in the 
longitudinal direction (e = 0°) and ET is the modulus in the 
transverse direction. 
This equation is presumed only'valid to the point where 
excessive fibre length or concentration interfere with processing. 
The interference will result in less perfect alignment of the fibres 
which leads to lower moduli of the composites(12) . The relationship 
above is depicted in Figure 1.4. 
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FIGURE 1.4: EE, as a function of 0 for glass fibre-rubber composite 
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1.5.2 Aspect Ratio 
The properties of rubber short fibre composites are also 
dependent on the aspect ratio (length/effective diameter of 
fibre). For example composite modulus is dependent on the aspect 
ratio of fibres in the following manner(12): 
Ec = ER {1 + kf Cf [26+0.85 (d)]} 1.2 
where: EC = composite modulus 
ER = matrix modulus 
k=a constant 
f=a function of average fibre orientation 
Cf = volume fraction of fibre 
and average fibre aspect ratio 
For a given matrix modulus and volume fraction of fibres, composite 
modulus is directly proportional to thud ratio, as depicted in 
Figure 1.5. (overleaf). 
The relationship between composite modulus and fibre aspect 
ratio depicted in Figure 1.5 as calculated by the above equation, 
is only true in theory. However, in practice, the relationship 
does not necessarily hold true. Due to fibre breakage or fracture 
during processing such as mixing, calendering and extrusion, the 
resultant composite will contain a distribution of fibre lengths, 
thus varying the aspect ratio. This effect will definitely give 
composites with lower modulus as compared to the theoretical value. 
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FIGURE 1.5: Effect of fibre aspect ratio on composite modulus 
of cellulose-SBR composite, as calculated by 
equation 
A fibre of length-to-diameter ratio of between 40 to 250 is 
considered necessary for successful reinforcement of an elastomer(23), 
althoughd in the range of 100 to 200 was estimated to be most 
desirable to achieve the most effective reinforcement of an 
(22 
elastomer, 
24) 
1.5.3 The Importance of Bonding Agents for Rubber-Fibres 
Adhesion 
As mentioned earlier, in many areas of the rubber industry, 
textiles are used as reinforcements, to complement the properties 
of the rubber. The textiles provide the main strength and dimen- 
sional stability to the composite, while the rubber protects the 
i 
31 
textile from abrasion and impact and also holds the composite in 
one coherent unit. To achieve the latter, it is necessary that 
dnot %6a' 
good adhesion between textilesZis accomplished, otherwise the com- 
posite would fail prematurely, on account of separation of the 
various components 
(6). Generally the roles of adhesion are-(l) to 
give desirable properties, (2) improve durability and (3) maintain 
the shape of the composite material. 
For instance, in tyres, conveyor belts, and transmission 
belts are used under severe conditions, and therefore a very high 
level of adhesion is required. In general, strong adhesion is 
obtained through the adhesive treatment of the textile or through 
addition of bonding agents to the rubber compound. Hose and coated 
fabrics do not require such high adhesion. Therefore the mechanical 
keying effect of textile 'to rubber gives sufficiently good results 
for these uses. Though several methods are available to bond tex- 
tiles to rubber, it is necessary to select an ade, qüate method 
53). (according to the raw materials and the applications 
Methods of rubber to textile bonding are varied according to 
the application. Generally it is convenient to divide the methods 
into three groups, namely: 
i) Adhesion based on mechanical keying effects. 
ii) Adhesive treatment of textile material. 
iii) Addition of bonding agents to rubber compounds (in-situ 
bonding). 
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i) Adhesion based on mechanical keying effects 
Mechanical keying effects are based on mechanical interlocking 
which is brought about by protruding fibre ends or fabric openings. 
This method of bonding is particularly effective for staple fibres 
such as cotton. 
9 
ii) Adhesive treatment of textile material 
There are two different types of adhesives normally employed 
for the treatment of textile, material. The first is rubber cement 
adhesives which are based on rubber solutions to which reactive 
chemicals preferably polyisocyanate such as dipheylmethane diiso- 
cyanate are added. These adhesives have been widely employed in 
belt and coated fabric industries. The other, is RFL (resorcinol- 
formaldehyde-latex) adhesives which has been the most widely 
used adhesive system in the rubber industry, especially the tyre 
industry 
(45,53,55). As the name implies, this system comprises 
of resorcinol, formaldehyde and latex. Latex alone is not employed 
as an adhesive because, good rubber to textile adhesion cannot be 
obtained due to lack of active groups in the latex. RFL has been 
very useful to bond rubber to textiles, such as rayon, nylon 6, 
nylon 6,6 and easy to adhere types of polyester such as Diolen V75. 
Also, RFL is used as a base for polyester adhesives. By suitable 
choice of latex components, RFL provides good adhesion for many kinds 
of rubber. A typical formulation of RFL (resole-system) is normally 
comprised of 9.4% resorcinol, 3.1% formaldehyde, 0.7% caustic soda 
and 8.48% latex 
(56) (1't sof'1 " 's a74eekr) . 
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For textile components made from cotton, generally adhesive 
treatment is not required. Adhesion is obtained by mechanical 
means, with some penetration of the elastomer into the structure 
of the textile, but mainly by embedding of the staple fibre ends 
(56) into the mass of the elastomer. 
The nature of the fibre plays the most important role in the 
treatment of for example, tyre cords. In practice it has been 
recognised that rayon and nylon are easy to bond to rubber by RFL 
treatment, but not for polyester. This should be attributes to the 
nature of the polymer structures. Rayon and nylon contain reactive 
groups, hydroxyl (OH) and amide (-CONH-) groups respectively. 
While polyester has a less reactive structure, and it does not have 
so-called active hydrogens in the polymer chain, it has also been 
suggested that ability for hydrogen bonding of polyester is less 
(51) than that of polyamide. 
Many suggestions have been put forward regarding the mechanism 
of the functions of RFL with rayon and nylon: hydrogen bonding between 
phenolic hydroxyl groups in RFL resin and electronegative groups in 
fibres 
ý7), 
condensation reaction between methylol group of RFL 
resin and active hydrogen in the fibre 
(58,59), dipole-dipole inter- 
action, and molecular entanglement(59). However, these bonding 
mechanisms have not gained wide acceptance due to insufficient 
evidence. 
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iii) Addition of bonding agents to rubber compound (the in-situ 
bonding system 
This is an alternative system', developed in which the adhe- 
sion promoting agents are incorporated into the rubber compound, 
which can then be adhered satisfactorily to untreated textile 
fibres. The advantage offered by this system is that adhesive 
treatment of textile materials is eliminated. 
Although isocyanate derivatives have been used for this 
purpose, chemicals of combinations of resorcinol and formaldehyde 
donors or strictly a methylene donor are more widely accepted(56,60) 
The most widely used donors are hexamethylene tetramine and hexa- 
methyoxymethylmelamine(56). With resorcinol-formaldehyde donor 
system best adhesion with rubber compounds can be obtained even 
with untreated nylon and rayon, but satisfactory results are not 
obtained for polyester. However, the situation was markedly impro- 
ved by polyepoxide pretreatment, and easy-to-adhere polyesters such 
as Diolen DSP or VT5 which was observed to bond well to rubber com- 
(61) 
pound 
Whereas addition of resorcinol-formaldehyde system will give 
moderate levels of adhesion, on the rubber side a fine particle 
size hydrated silica will further enhance the level of adhesion 
by up to a factor of two(56,62,63). However, Das found that, 
whether one uses all black or replaces 15 phr by silica (Hisil 233) 
does not seem to affect the real bonding in the case of short fibres 
as evidenced by 'restricted equilibrium swelling' measurements(64) 9 
Essentially, this resorcinol-formaldehyde system works by 
production of the resorcinol -formaldehyde resin, which migrates to 
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rubber/textile interface, where it reacts with both rubber and 
textile fibre to bond the two components together(53). The role 
of silica is not fully understood, but it would appear to act by 
retarding both the cure of rubber, thereby allowing longer time 
for migration of the resin and bond formation, and also the 
polymerisation of R-F resin, so that the crosslinking only occurs 
at the textile interface, where the effects of the silica cease, 
(56) 
and where crosslinking is required for optimum bond formation. 
Like continuous cord, short fibre-to-rubber bonding is most 
important in order to obtain a high performance composite. Thus 
a lot of research work has been carried out by various workers on 
this subject area. Derringer(19-21) reported that good adhesion 
was obtained when HRH (hexamethylene tetramine, resorcinol, and 
fine particle hydrated silica) system was added to glass-rubber 
(SBR & NR) composite. However, he observed that the system was 
ineffective in highly saturated rubber such as EPOM and butyl 
rubber. O'Connor(23) also reported similar effects of HMT bonding 
system on fibre-rubber composite. He went on to summarise the 
effects of bonding agents studied as follows: 
i) Strength at yield in longitudinal direction is improved 
significantly for all different composites studied. However, 
the strength at break was not improved except for nylon fibre 
composites. 
ii) Young's modulus in the longitudinal direction was improved 
considerably for most of the other composites studied. 
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iii) When tested in the transverse direction, some improvements in 
mechanical properties were observed, but not as significant as 
in the longitudinal direction. This is due to the fact that, 
these properties depend primarily on the properties of the 
rubber matrix and therefore increase in fibre-matrix adhesion 
does not seem to play such an important role. 
iv) He also found that better properties were obtained for nylon- 
NR and cellulose-NR composites when HRH system was employed as 
compared to other bonding systems such as RH systems or resin 
bonding agent. 
The effect of bonding agent on short fibre-rubber composites is 
best illustrated by the stress-strain curves. Both Derringer 
(19-21) 
and Coran(12) observed a similar behaviour of stress-strain curve 
of bonded composites as well as unbonded composites, except that 
level of strains are different due to different types of short 
fibres and bonding agents used. An example of stress-strain curves 
of bonded and unbonded composites as observed is shown in Figure 
1.6. 
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FIGURE 1.6: Stress-strain curves of rubber composite containing 
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For composites without HRH (unbonded) a region of large 
yielding occurs at a stress level of approximately 2 MPa and extends 
over a large portion of strain range. The fibres become loose, then 
sliding occurs between matrix and fibres. If the test piece is 
stretched further beyond the yield point, it will be grossly and 
permanently deformed. On the other hand, the stress-strain curve 
for composites containing the HRH system are essentially linear 
and demonstrate very high modulus at low elongation at break, 
features expected for good fibre-matrix adhesion. 
The effect of the HRH system on adhesion can also be further 
illustrated by the micrographs(23). Micrographs were taken from 
thin sections of the composite with and without HRH stretched 
various elongations with the applied parallel to the direction 
of orientation. For rayon-NR composite without HRH, many voids 
were formed as the strain is increased due to fibre-matrix bond 
failures. Whereas, the composite with HRH, only two relatively 
small voids were observed and not until a strain of 100% elongation 
was reached. This clearly indicates the effectiveness of the HRH 
system. 
1.5.4 Effect of Fibre Concentration on Properties of Compo- 
sites 
Properties of short fibre-rubber composite are also greatly 
dependent upon the level of fibre content. 
1.5.4.1 Effect on tensile strength and elongation at break 
The tensile strength of short fibre-rubber composite varies 
with fibre concentration. Curve, as shown in Figure 1.7, is 
typical of many composites 
(12,22-25,65) 
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and EBB 
The minimum at low concentrations of fibres occurs because 
when the matrix is not restrained by enough fibres, high matrix 
strains result at relatively low stresses. The effect is either 
to debond or to break the fibres before failure of the entire 
composite occurs. The matrix strength is diluted by the 'holes' 
resulting from the broken or debonded fibres. Once enough fibres 
are used the matrix will be sufficiently constrained, and the 
addition of more fibres increases the strength of the composite 
even to levels well above the strength of matrix rubber. The 
maximum at relatively high fibre concentrations represents the 
limit of fibre dispersion beyond which good dispersion becomes 
virtually impossible followed by reduction in strength. 
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Again, as shown in Figure 1.7, elongation at break is approxi- 
mately inversely proportional to fibre concentration. In this case, 
the function of short fibres is to restrict the composite matrix. 
The more fibres are added, the more is the effect. 
1.5.4.2 Effect on Young's modulus 
Young's modulus or low strain modulus (5%) is a measure of the 
stiffness of the short fibre-rubber composite. The mathematical 
relationship between Young's modulus and fibre concentration is 
somewhat varied. Derringer 
(19-21) 
gives the following empirical 
equation of the relationships between Young's modulus and fibre 
concentration and claimed that it has been found adequate for most 
of the fibres and elastomer types investigated: 
G= Go- 1+ exp (aVb) 
where: G= Young's modulus of composite 
Go = Young's modulus of matrix compound 
V= volume loading of fibre, cm3 per 100g rubber 
a and b are empirical parameters which are dependent 
upon aspect ratio, fibre orientation and other 
processing parameters. 
1.3 
The equation is an exponential type and in fact Derringer 
obtained it experimentally (see Figure 1.8). 
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FIGURE 1.8: Variation of Young's modulus with fibre glass loading 
in polychloroprene compound containing HRH 
Similar characteristic of Young's modulus versus fibre concentra, - 
tion curve was also observed by some others(14,23,67) 
However, other research workers 
(12,22,25,26,66) 
observed 
difft. ntty. They found that, Young's modulus of the short fibre- 
rubber composite varies proportionately with respect to fibre 
concentration (see Figure 1.9). 
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FIGURE 1.9: Effect of fibre concentration on Young's modulus of 
EPDM compound 
P Hamed and co-workers(66) proposed the following for the 
theoretical prediction of Young's modulus versus fibre concentra- 
tion. 
Theoretical considerations for the prediction of the modulus 
(078) 
of a composite as derived by Takayanagi could be employed with some 
modifications: 
11 ýs (1 Es/Eh) 
¬=E . [1+ ] h1-s (1 - Es/Eh) 
1.4 
where E, Eh and Es are the Young's modulus of the composite, hard 
phase (fibre) and soft phase (rubber), respectively, and ýs is the 
volume fraction of soft phase. 
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When Eh » Es, the equation 1.4 can be written as: 
I-1", . 
ýs 
l '''[+ E Eý ýý ýS 
1.5 
However, the above equations can only be applied for ideal 
isotropic morphology, since there are no experimental parameters 
involved. 
In order to take into account :_ deviations from ideal fibre 
geometry the fibre modulus (Eh) can be replaced by an experimental 
parameter KE, and equation 1.5 can be re-written as: 
E=1.6 
1+ s 
1s 
KE could be a function of orientation, polymer type, bonding agent 
and other compounding variables. It could be determined from a 
slope of the straight line of Young's modulus versus 
1 
ýs 
- 
1+ 
curve. 1-/0-- s 
For a given matrix type, the modulus (E) of composite with the 
same matrix can be predicted at other fibre concentrations. 
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1.5.4.3 Effect of Short Fibres on Other Properties of 
Matrix-Rubber Vulcanisate 
1.5.4.3.1 Effect on time-dependent properties 
(creep, stress relaxation and set) 
Time dependent deformations also take place in the short 
fibre-rubber composite. However, they are more related to the 
matrix than the fibres themselves. The role of the fibres is to 
constrain the rubber matrix and lead to improvement of time 
dependent properties such as creep and stress relaxation. 
Coran(12) compared the stress relaxation characteristics between 
the unconstrained rubber matrix and constrained short fibre-rubber 
composite. This is shown in Figure 1.10, and resistance to stress 
relaxation conferred by short fibres is apparent. 
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FIGURE 1.10: Stress relaxation characteristic of matrix and 
composite. Tested at room temperature with initial 
tensile stress 3.45 MPa 
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In creep property, both Derringer(19) and Coran(12) reported 
that the creep of short fibre-containing elastomers increases 
linearly with the logarithm of the time (see Figure 1.11). 
Table 1.4 below summarises Derringer's results for the rates of 
creep of natural rubber vulcanisates containing various fibres 
and FEF carbon black. The creep was measured at a temperature of 
100°C under a constant stress at 2.07 MPa. In all cases, the 
short fibre-filled rubber showed a lower rate of creep than that 
containing FEF black. 
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FIGURE 1.11 Tensile Creep in NR-SBR-Cellulose fibre composites at 
700C under 6.9 MPa stress (5) 
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TABLE 1.4: Rate of Creep of Natural Rubber Vulcanisates Contai- 
ning Various Short Fibres and FEF Carbon Black (19) 
Reinforcing 
Material 
Loading 
(Volume) 
Increase in 
extension per decade 
of time % 
Rayon 6 11.0 
Glass fibre 6 21.0 
Ultrafine asbestos 6 5.0 
FEF Carbon black 28 37.5 
Derringer (19) also reported that permanent set composites 
containing short fibres are much lower than that containing FEF 
carbon black. Figures of 6.5% and 33% have been quoted. 
1.5.4.3.2 Heat built-up 
Heat built-up, caused by cyclic compression is an important 
property which can restrict the utility of a fibre-reinforced 
rubber product. Derringer(19) reported that HRH short fibre-rubber 
composites exhibited considerably lower heat build-up than rein- 
forcing carbon blacks. He compared the composite containing 9 phr 
of rayon with vulcanisate containing 50 phr of FEF carbon black 
(the two compounds exhibited roughly equal hardness and static 
compression modulus) and found that the heat build-up of composite 
was 270C while 4.9'C for the vulcanisate containing FEF black. 
Figure 1.12 shows heat build-up as a function of time, where it 
can be clearly seen that the composites reached equilibrium after 
20 minutes, while the FEF vulcanisate exhibited a continual 
increase until the sample blew out. 
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Matrix Base Formulation: 
NR 100, Zinc oxide 5, Stearic acid 2, Sulphur 2.5, DPG 0.3, BTS 0,7 
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FIGURE 1.12: Effect of Fibres and FEF on Heat Build-up 
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Foldi(13) however observed a considerable heat build-up resulted 
above 10 phr loading of fibres such as Aramid, nylon, polyester in 
NR-SBR skinstock. Nevertheless, in spite of the substantial heat 
build-up, fibre reinforced items can be engineered for practical 
applications. He reported that, when rayon, nylon, PVA and Aramid 
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K were used in reinforcing the sidewalls of radial tyres, no 
evidence of heat build-up was observed in such tyres running at 
96 km/h by measuring the cavity air temperature (76-80°C). 
1.6 Comparison of Elastomer Composites with Metal and Plastic 
Composites 
Most of the theoretical and experimental work done on discon- 
tinuous fibre composites has been confined mainly to metal-metal 
composites. Derringerý19) has shown that, the modulus of short 
fibre-rubber composites do not fit the so-called 'law of mixtures' 
rule as follows: 
Ec =VfEf+VmEm 
where: Vf = volume fraction of fibres 
Vm = volume fraction of matrix 
Ef = fibre tensile modulus 
Em = matrix ; tensi to 'modül us 
and Ec = modulus of composite 
1.7 
The equation above assumes that matrix and fibres are strained to 
the same extent i. e. fibre strain Ef is equal to the matrix strain, 
Em for any given stress applied to the composite. This assumption 
is reasonable for metal-metal systems but not for plastic or 
elastomer systems where the matrix has significantly lower modulus 
than the fibre. Thus, it is not surprising that Derringer found 
that his modulus' results do not fit the 'law of mixtures' rule. 
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To account for the difference between matrix and fibre strain, 
Lees proposed an alternative semi-empirical theory 
(68) 
whose model 
consists of a cylindrical section of the matrix and fibre having 
the fibre at the centre. The strain in the matrix is assumed to be 
a function of the distance from the fibre surface. The equation 
obtained by Lees is as follows: 
Ec = VfEfa2 - 
Vfým 
[1 + 3a + 11a2] 
' 
2E 
Vf' [2 +a- 3a2] +m [1 +a+ a2] 1.8 
E 
E 
where: af = Em 
When a=1, this equation reduces to the 'law of mixtures' rule. 
When this equation is applied to elastomer composites, consi- 
derable simplification is possible, because the elastomeric rna±'.. 
has-ve, y tow moclu4as and high elasticity, a can be assumed to be 
nearly zero. The equation 1.8 above will then become: 
ý 
Em Em 4 Ec 3--1-5, V f- 1ý Em Vf 1.9 
This equation predicts decreasing modulus with increasing 
fibre loading. However, Derringer(19) and others 
(66,67) 
observed 
the opposite. It is therefore concluded that the Lees model is 
inapplicable to short fibre-elastomer composites. 
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The reasons which underlie the discrepancies between the 
theory of Lees and modulus results of short fibre-composites 
observed by Derringer and others, are believed to be as follows: 
i) Derringer assumes that a=0 on the assumption that a= Ef/Em 
but Lees defines a as E f/E, where Ef/Em is probably close 4 zoro 
for most fibre-elastomer composites, Ef/E is likely to be 
considerably greater than zero in some cases. Hence equation 
1. '9. would not be a valid consequence of equation 1.8 
ii) The model used as the basis for Lees theory is not valid, 
since he regards; 'the matrix as being essentially rigid rather 
than elastomeric. 
1.7 Objectives of Present Work 
Traditional fillers for rubber are normally in particulate 
form. Although these particulate fillers such as carbon black, 
silica/silicates, clay, whiting etc function well for their res- 
pective purposes, a supplement with another filler in the form of 
short fibres would be beneficial, for instance in applications 
where high levels of modulus and hardness are required. Other 
advantages of short fibres over that of particulate fillers are: 
(1) by careful control of processing conditions, these fibres can 
be aligned so that a composite with marked anisotropy is produced, 
(2) great improvement in solvent swelling and creep resistance of 
composite can be achieved. 
There are various types of short fibres which have been studied 
and used recently; one of these is treated short cellulose fibres 
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which are available in the market having a trade name of 'Santoweb'* 
However, these cellulose fibres are rather expensive in price as 
compared to other traditional rubber reinforcing fillers such as 
carbon black and silica/silicates. 
It is against the above backgrounds that this work is carried 
out with an objective to study the effect of one selected type of 
wood cellulose fibre on the properties of rubber vulcanisate, in 
order to use it as a filler for rubber, which is able to give 
rubber composite of good physical properties at a reduced cost; 
it had the following sequence: 
1. To select one type of wood pulp from various available types. 
2. To study the effect of various types of bonding agents on the 
bonding between the selected fibres and rubber - the objective 
is to select one type which is most effective. 
3. To optimise the level of the selected bonding agent to bond 
wood cellulose fibres to rubber. 
4. Using optimised levels of bonding agent, the effect of 
fibre concentration on the physical properties of rubber vul- 
canisate is studied. 
5. The determination of quantitative relationships that may exist 
between short fibre-rubber composite theory and practice with 
respect to longitudinal Young's modulus. 
* Produced by Monsanto Company Ltd. 
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CHAPTER 2 
A REVIEW OF WOODPULPS CELLULOSE FIBRES 
2.1 Introduction 
Wood has always played a significant role in the everyday 
life of man. It has served man as a structural material for his 
buildings, furnishings, tools, and weapons, and until recently 
as his only readily available fuel 
(94). Other parts of the tree- 
fruits, seeds, flowers, leaves and barks - have been utilised as 
a food, and in decorations, clothing and medicines. Although the 
manner of utilisation has shifted during the centuries, the place 
of wood and other tree products in man's life has remained very 
important. 
Wood represents one of the most important renewable natural 
resources. Cellulose, which is the major component of wood is 
one of the most abundant, naturally-occurring compounds. 
The most important application of wood in terms of both 
volume and value is saw logs, followed by woodpulp for paper 
making. 
In this chapter attention is given only towards woodpulps, 
due to the fact that cellulose fibres of woodpulps will be used 
as a filler for rubber. Before discussing woodpulps it is appro- 
priate to first understand about wood itself. 
Wood is obtained from the stems, roots, and branches of 
trees, shrubs, lianas (woody vines) and to a limited extent from 
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certain herbaceous plants. Generally wood is divided into two 
main types namely: gymnosperms (softwoods or conifers), and 
angiosperms (hardwoods). 
2.2 Softwood (Coniferous Woods) 
Coniferous woods, for example, spruce, are made up of 
various layers. Each annual layer is composed of two different 
parts: a light-coloured, soft part at the inside of the layer 
(the side nearer the pith, ) and a darker, harder part of the 
outside (i. e. the bark side). The inner, softer part of the 
ring is the part formed at the beginning of growth in spring and 
is known as earlywood or_springwood. The darker, harder portion 
at the outside of the ring is the latewood or summerwood. At 
high magnification-it can be seen that the wood is composed of 
hollow tubular cells with closed, more or less pointed ends. 
These tubular cells which are the fibres for papermaking have 
been described by botanists as tracheids. In addition to 
tracheids there are also numerous fine, light-coloured lines 
straight across the annual rings in a line from pitch to bark 
known as rays. Whereas the tracheids, or fibres are single cells, 
of about 3 mm long and a diameter of about 0.03 mm (about one- 
hundredth of their length), the rays are formed of cells less 
than'0.01 mm long and therefore too small to be of significance 
for papermaking. It is worthwhile mentioning that rays form a 
relatively small proportion of the volume of softwood. 
Fibres of tracheids are cemented together by middle lamella. 
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In production of chemical pulps, during cooking process of 
pulpwood chips, the middle lamella is decomposed, allowing the 
wood cells to separate. 
Examples of softwood fibres for papermaking are those 
obtained from fir, spruce, cedar, pine, hemlock, cypress and 
douglas fir trees. 
2.3 Hardwood (or Broadleaf Woods) 
The structure of woods of the broadleaf trees are different 
from those of the conifers (softwood). One of the most obvious 
is the presence of vessels in wood of broadleaf species. Vessels 
are cells of relatively large cross-section that seem especially 
adapted for the conduction of sap. Although individual vessels 
may be very short (< 1 mm long), their wide open-ended cells 
join each other, like so many sections of pipe, to form, in the 
direction of the grain, the passages by which sap is conducted 
up the tree. 
The rays of. broadleaf woods are more strongly developed than 
in conifers and very wide. These rays are composed of three or 
more rows of cells side by side, which make them much wider than 
that of softwood. 
In general, the average length of hardwood fibres is just a 
little more than 1 mm as compared to about 3 mm of softwood 
fibres. However, in both cases the fibres are roughly about 100 
(95) 
times as long as their width. 
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TABLE 2.1: Average Length and Diameter Range of Fibres in 
Mature Trees 94 
Softwood Trees Average Fibre Diameter (um) Length (mm) Range 
Eastern white pine 3.0 25 35 
Sugar pine 5.9 40 50 
Longleaf pine 4.9 35-45 
Ponderosa pine 3.6 35-45 
Tamarack 3.6 25-35 
Black spruce 3.3 25-30 
Douglas-fir 3.9 35-45 
Western hemlock 4.2 30-40 
Balsam fir 3.5 30-40 
Western red cedar 5.9 30-40 
Hardwood Trees 
Quaking aspen 1.04 10-27 
Yellow birch 1.85 20-36 
Beech 1.2 16-22 
Chesnut 1.0 16-39 
American elm 1.5 14-26 
Yellow poplar 1.9 24-40 
Basswood 1.1 24-36 
Cucumber magnolia 1.6 28-40 
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Examples of hardwood fibres for papermaking are those 
obtained from birch, beech, maple, poplar, chesnut, gum, bass- 
wood and tulip trees. 
Table 2.1 shows approximate average length and diameter 
range of fibres in mature trees of some of the softwood and 
hardwood trees. 
2.4 Components of Wood 
It is difficult to define wood chemically because it is 
a complex heterogeneous product of nature made-up of many . 
interpenetrating chemical components, largely of high molecular 
weight which are distributed non-uniformly as a. result of its 
anatomical structure 
(97 '98). The main components of wood are 
classified generally as cellulose, lignin. hemicellulose, and 
solvent-soluble substances (extractives); the amount present is 
in the range of 40 to 50%, 15 to 35%, 20 to 35%, and 3 to 10% 
respectively. It is impossible to separate these components 
quantitatively without alteration and degradation of their 
structure, due to high molecular weight of the components, close 
similarity between many components, the physical (and possibly 
chemical) bonding between components and the high crystallinity 
of the wood system, which reduces the accessibility of some 
components. The exact amounts of each of these components, also 
depends on tree species, heredity factors present in the particular 
tree, growth environment and location within the tree (e. g. soft- 
wood or hardwood, proportion of summerwood or springwood, age, 
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height from the ground and also part of the tree). The various 
components of wood and their interrelationship is outlined and 
illustrated in Figure 2.1. 
2.4.1 Polysaccharides 
Polysaccharides of wood are high molecular weight carbohy- 
drates. Its major component is cellulose, and the rest is a 
mixture of shorter-chain polysaccharides called hemicelluloses. 
These components taken together make-up the fraction termed 
holocellulose. Holocellulose may be prepared by mild oxidation 
of extractive-free wood to degrade the noncarbohydraic fraction 
(lignin) to a point where it becomes soluble during the isola- 
tion procedure, leaving holocellulose as the insoluble residue 
(see Figure 2.1). 
2.4.1.1 Cellulose 
As indicated in Figure 2.1, when holocellulose is treated 
at room temperature with dilute aqueous alkali, hemicelluloses 
. 
fraction will be dissolved, leaving only alkali-resistant 
insoluble residue known as wood cellulose. If the alkali used 
is 17.5% sodium hydroxide and the experimental techniques are 
carried out in accordance with a standard procedure such as TAPP1* 
T-203, this alkali-resistant cellulose is termed a-cellulose. 
This material is used commercially in preparation of rayon and 
cellophane. 
* TAPP1 - Journal of the Technical Association of the Pulp and 
Paper Industry 
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Cellulose is the major component of cell walls of wood 
fibres and yields theoretically only the monosaccharide' sugar 
p-glucose on hydrolysis. It is a high molecular weight polymer 
( million) and a highly crystalline material. 
2.4.1.1.1 Chemical structure of cellulose 
The chemistry of cellulose began in 1838 with the work of 
Payen(99), who showed that by elemental analysis plant tissues 
contain a major component having 44.4% carbon, 6.2% hydrogen, 
and 49.3% oxygen(98). This is equivalent to an empirical 
formula of C6H1005 and a formula weight of 162. However, when 
the molecular weight of cellulose was determined, a formula 
weight of much greater than 162 is indicated. It was therefore 
evident that cellulose was either a high polymer (a molecule 
made up of large number of relatively simple repeating units 
connected by chemical bonds) or an aggregate of simple molecules 
held together by secondary forces of association. 
Evidence gathered later proved that cellulose is indeed a 
polymer comprised of a large number of repeating units. These 
units'were later proved to be derived from a condensation of 
D-glucose, a simple sugar having an empirical formula of C6H1206. 
The chemical formula of D-glucose is depicted in Figure 2.2(a). 
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H-C=0 
H-C- OH 
HO- C-H 
H-C- OH 
H -ý -OH 
CH2OH 
FIGURE 2.2(a): D-glucose, aldehyde form 
(The designation D refers to the right-side position of OH group 
on the asymmetric 6-atom furthest away from the aldehyde group, 
i. e. Carbon 5). 
However, in aqueous solution glucose primarily exists in 
various closed-ring forms rather than the open-chain aldehyde 
form. Of the greatest is the Beta-D (ß-D) hemiacetal form as 
depicted in Figure 2.2(b). 
HO\ /H 
H-C- OH 
1 
HO - CI -H 
H-C- OH 
1 
H-C-0- 
ý 
CH2OH 
FIGURE 2.2(b): ß-D-glucose, hemiacetal form 
(B refers to the position of OH group or bond-oxygen group on 
carbon 1. When the group is on the opposite side of the chain for 
the hemiacetal ring, C1-0-C5, the sugar is called a). 
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The formula of glucose as shown in Figure 2.2(b) is not a 
good representation of the actual spatial relationship of the 
atoms within the glucose molecule(98). The more realistic form 
is that of HaworthO 
OO) (see Figure 2.2(c)) which can be visualised 
as being derived from the straight carbon chain forms by bending 
the carbon chain and rotating about the bond between the 4 and 5 
carbon atoms. 
0 
CHzOH 
A i IV H/ý----q OH 
\ý-ýC 
m 4)C OH 
H 
OH 
FIGURE 2.2(c): ß-D-glucose,, Howarth. or pyranose form 
(pyranose designates 6-membered structure). 
Since cellulose is a polymer, the chemical formula is made up of 
repeating D-glucose building units as shown in Figure 2.2(d): 
OH 
OH 
ýý 14 
i1 14- n 
non-redu-' CH OH 
cing end 2 
group 
7 
.0 
H 
CH2OH 
OH 
Reducing end 
group 
(potential 
aldehyde) 
FIGURE 2.2(d): Cellulose 
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(n refers to the number glucose repeating units in a given 
cellulose molecule = degree of polymerisation). 
2.4.1.1.2 Reactions of cellulose 
Cellulose reactions with organic or inorganic reagents are 
governed, to a large extent, by its physical structure. Cellulose 
is a fibrous material, composed of individual fibres that may be 
subdivided into microfibrils, which, in turn consist of aggregates 
of cellulose chain molecules passing through crystalline (ordered) 
and amorphous (disordered) regions. Each cellulose chain is made 
up of anhydroglucopyranose units with three hydroxyl groups (one 
primary and two secondary groups) per ring(98). In fact cellulose 
reactions are essentially based on the presence of these three 
hydroxyl groups(99). On this basis cellulose should react like a 
polyalcohol. However, there are three major differences between 
the reactions of cellulose and other alcohols: (1) the problem 
of penetration of reagent on the fibre. If the fibre is completely 
nonswelling-in the reaction medium, only a topochemical or surface 
reaction will occur. If the reagent is able to penetrate between 
the microfibrils and into their amorphous region, the extent of 
rate of reaction will increase greatly, but the, reaction product 
will still be non-uniform, because no reaction could occur with 
hydroxyl groups of the crystalline regions(99). Also differences 
exist in the reactivity of the three hydroxyl groupsý98ý 
(2) Side reactions cause a reduction in the cellulose degree of 
(g8) 
polymerisation (sometimes desired) and oxidative degradation. 
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Assuming all the three hyrdroxyl groups are available for 
reaction, there are theoretically eight possible ways of sub- 
stitution per monomer unit: no substitution at all; three 
different substitution products (substitution of the OH 
group in the 2,3 or 6 position); three different disubstitu- 
tion products (the 2,6,3,6, and 2,3 derivatives); and the 
( 99). 2,3,6-trisubstituted derivative 
Example of reaction of cellulose is etherification which 
is a substitutioh reaction (see reaction below): 
Rcell'OH"NaOH + CH3C1 -y Rcell OCH 3+ NaCl + H20 
(The most common etherification reaction is the interaction 
between an alkyl halide and cellulose in alkaline medium). 
2.4.1.1.3 Degradation of cellulose 
Degradation of cellulose fibres are divided into three 
main types, namely: (1) hydrolytic; (2) oxidative (including 
heat) and (3) microbiological. 
1) Hydrolytic degradation 
The glucosidic bonds of cellulose are susceptible to both 
alkaline and acid hydrolysis. Thus, during pulping and bleaching 
(the objective being to produce the highest possible yield of 
cellulose with the least degradation), hydrolytic degradation 
cannot be avoided. This form of degradation, however, is slow 
0 below 150C 
(98) 
. 
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Hydrolytic scission is activated by the presence of certain 
oxygen groups. Each scission of acetal link produces two new 
hydroxyl groups, one of which is a potential reducing group. 
Carboxyl and carbonyl groups along a cellulose chain increase 
the rate of acid hydrolysis. 
ill o -0- -0 
Ö+ 
ý 
H3 
reducing 
HH 
HIOH non-reducing 
FIGURE 2.3: Acid hydrolysis of celluloseP9 
) 
The hydrolysis can be homogeneous or heterogeneous, 
depending on whether or not the cellulose is soluble in the 
reaction medium. Thus, in concentrated phosphoric acid, which 
is a solvent for cellulose, homogeneous hydrolytic degradation 
occurs, whereas in sulphuric or hydrochloric acid, the cellulose 
is not soluble, the degradation is heterogeneous in nature 
(99) 
. 
2) Oxidative degradation 
In the presence of oxidising agents, oxidative degradation 
of cellulose will take place. The extent of degradation will 
depend on the nature of the reagent and the conditions under 
which oxidation occurs. 
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One example is the autoxidation of cellulose by molecular 
oxygen in the presence of alkali. This process is of great 
industrial importance because it is the basis of the 'ageing' 
of alkali cellulose through-which the molecular weight of major 
cellulose derivatives such as rayon, and cellophane is adjusted 
to a desired level. 
It is also believed that in plants, oxidation of cellulose 
may occur to a degree to give rise to the formation polyglucuronic 
acid. The presence of this acid and also lignin is the reason for 
acidic nature of unpurified cellulose. By further decarboxylation 
of polyglucoronic acid, xylan may be formed(99). 
H OH HH 
CH2OH 
OH H 
-0- 
-0- 
µý OH " Cellulose 
H0 
o-120H IH OH 
oxidation 
H OH  COON 
COOH 
Hn 
ý-O/L 
oI 
WH- 
H OH 
H OH u1 decarboxylation 
I1 
11 4 H 
40H 
ý 
H 
0 
Polyglucuronic 
acid 
Xylan 
FIGURE 2.4: Oxidation product of cellulose 
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During bleaching of woodpulps, extreme oxidative and 
hydrolytic modification and degradation of cellulose can occur. 
The groups attached are hydroxyls and aldehyde end groups 
resulting in aldehyde, ketone and carboxyl group formation. 
Depending on conditions and reagents, a wide variety of oxidised 
celluloses can result. For instance, the formation of carboxyl 
groups is favoured during alkaline hypochlorite oxidation, while 
carbonyl groups are produced under acid or neutral conditions. 
3) Microbiological degradation 
This is an enzymatic degradation, which is very similar to 
acid hydrolysis of acetal bonds, though more localised in a 
cellulose structure due'to the larger size of'enzyme molecules, 
(as compared to acid molecules), such that the enzymes cannot 
diffuse readily into the cellulose molecule(98 '99), The enzymes 
are produced by fungi, bacteria, protozoa, plants and animals. 
Various approaches are used to prevent this form of 
degradation such as the prevention of contact with microorganisms; 
the use of substances to destroy the microorganism; to prevent 
microorganisms from producing the enzyme or enzymes that cause 
degradation; and to modify the cellulose chemically to make it 
resistant against attack. 
2.4.1.2 Hemicelluloses 
Hemicelluloses refer to mixtures of low molecular weight 
polysaccharide polymers which are closely associated with 
66 
cellulose in plant tissues(99). They are water-insoluble, 
alkali-soluble and are more readily hydrolysed by acid than 
celluloseO 
Dl). This material is classed as noncellulosic in 
nature to differentiate the system from that of cellulose. 
However, the distinction is not clear-cut because D-glucose 
polymers are found in hemicelluloses as well as in cellulose. 
In general it is agreed that wood cellulose contains no saccha- 
ride repeating units other than D-glucose. In contrast, 
hemicellulose polymers are composed from saccharide units, 
namely: D-zylose, D-mannose, D-glucose, L-arabinose, B-galactose, 
D-glucuronic acid, and D-galacturonic acid. The sugars are 
released by hydrolysis of hemicelluloses. 
Isolation or extraction of hemicellulose from wood may be 
done by one of two approaches: 
1. Direct extraction of wood with alkali, or 
2. Extraction of delignified wood with alkali. 
The former approach (i. e. the extraction of wood meal) is 
considered because delignification. of. wood causes losses and 
alterations of carbohydrate fractions of wood. Thus, many 
attempts have been made to extract hemicellulose directly from 
wood meal without prior delignification. Unfortunately, this 
approach has been successful only with some of the hardwood 
xylan fraction and arabinogalactans, and not with softwoods, 
because the cell walls of softwoods are more highly lignified 
and less accessible to alkali. With hardwoods, about 80% of 
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the hemicelluloses can be removed by this approach using 
alkali of suitable concentration. 
The latter approach i. e. the extraction of hemicelluloses 
from delignified wood with alkali is necessary if quantitative 
removal is required, especially with softwoods. Ideally, 
total delignification of extractive-free wood will result in 
holocellulose residue comprising of cellulose and hemicelluloses. 
However, in practice all holocellulose isolation procedures 
cause depolymerisation and oxidative degradation of hemicellulose 
and cellulose and leave behind degraded lignin and/or adsorbed 
solvents. Lignin is degraded to the point where it is not 
detectable by-normal procedures. If great care is not taken, 
up to 20% of the carbohydrate matter may be dissolved during 
isolation of holocelluloses. 
2.4.1.2.1 Significance of hemicelluloses and its 
practical importance 
The production of paper is by far the largest use of 
wood cellulose"'). The chemical and properties of hemicellulose, 
obviously play an important role. 
The effect of pulping reagents on hemicelluloses in the 
pulping process is important both on yield and also on the 
papermaking properties of pulps because these properties depend 
on the amount, type, structure, and the location of various 
hemicellulose component polymers. 
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I 
Because of the different nature of reagents used in sulphite 
pulping and kraft pulping, the resulting pulps contain different 
types of hemicellulose traces. Sulphite pulps from softwoods 
contain cellulose, glucomannan, and methylglucuronoxylan, whereas 
kraft pulps contain arabinoxylan and galactoglucomannan. In the 
case of hardwood, sulphite pulping results in the same components 
as softwoods, whereas kraft pulped hardwood yield cellulose, 
xylan, and glucommannan(99). It is evident that the presence of 
considerable amounts of traces of hemicelluloses is unavoidable 
with whatever pulping procedure is adopted. 
I 
Hemicelluloses play some positive roles on the fibre 
preparation and bonding behaviour of papermaking. They have a 
positive influence on water retention, swelling, and plastici- 
zation of fibres by water, rendering them easier to prepare 
mechanically and promoting improved fibre-fibre contact, 
bonding, and paper strength. High contents of hemicelluloses 
aid in the bonding of fibres, and this leads to paper made of 
highly beaten pulp which becomes very much like a continuous 
film( 
l01). In general, high hemicelluloses pulps produced papers 
of decreased opacity and increased tensile and bursting strength. 
However, extremely large amounts of hemicellulose may result in 
a decrease in tensile and bursting strength properties, ''because 
the individual fibre 'strengths may be reduced as a result of 
the decrease in the number-average molecular weight of the 
polymer system. 
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Hemicelluloses exhibit similar patterns of chemical 
reactions and degradations as that of cellulose, because 
their chemical structure is closely related to cellulose. 
Nevertheless, in general, in solid phase, the rate of reaction 
of hemicellüloses is greater than cellulose due to greater 
accessibility of the former as a result of its amorphous nature 
and location in the other region of the fibre. 
2.4.2. Lignins 
Lignin is an extremely complex chemical. Its role in 
living plants is to form, together with cellulose and other 
carbohydrates of the cell walls, a tissue of high strength and 
durability. These lignified tissues are comparable to fibre- 
reinforced plastics in which the lignin represents the plastic 
binder and the cellulose the reinforcing fibre. Lignin is 
basically an amorphous aromatic polymer comprised of a hetero- 
geneous, branched network system with no evidence of simple 
repeating units. It is insoluble in known solvents and not 
hydrolysable to monomer units. 
In wood, 70% of lignin is found between fibre elements 
(true middle lamella) and in the primary wall. Hardwood species 
have a greater tendency to have a lignin concentration in the 
outer walls of the fibres. The chemical structure of lignin 
isolated from hardwoods and softwoods are very different. 
Thus, lignin should be considered as a class of related mate- 
rials, and it is necessary to mention the plant source and the 
exact procedure used in its isolation. Softwood lignins are 
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comparatively more homogeneous in structure from species to 
species and have been the most thoroughly studied'99'102) 0 
Isolation of lignin from wood in substantial yield cannot 
be achieved without degradation of its structure, because it is 
a network polymer of high molecular weight held together by 
relatively stable ether and carbon-carbon linkages. The mildest 
way to remove lignin from wood is to first extract wood meal 
with cold water, then ether, followed by subjecting it to 
exhaustive extraction with ethanol and finally precipitating 
the ethanol-soluble lignin in ether. The product is referred 
to as Braun's native lignin. ', However, this lignin represents 
only about 10% of total lignin. 
Another method which is the original method of isolation 
of lignin is by treatment with strong sulphuric acid (with 
subsequent hydrolysis)0 
02 ). When diluted with water, a brown 
insoluble substance, known as acid lignin, is obtained. This 
method is also used for the quantitative determination of 
lignin 002 , 103 ) 
2.4.2.1 Chemical structure of lignin 
The chemical structure of lignin is hard to describe. 
It is due to the fact that lignin is hard to isolate and 
purify, is noncrystalline, is-not generally soluble in organic 
solvent, and is both too reactive during isolation, and at the 
same time not completely reactive during derivative preparation 
and controlled degradation studies. However, the formulation 
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of a number of speculative structures of protolignin have been 
made with the help of a combination of elementary analyses, 
functional group analyses, degradation studies, model compound 
reactions, and biochemical syntheses. 
Lignin is believed to be a polymer molecule of aromatic 
nature 
(98,102,104). This has been proven by its characteristic 
ultraviolet absorption spectrum, similar to those of certain 
solid guaiacylpropane model compounds(102 104). Calculated 
elemental of pine and lignins of C= 67.5%, H= 6%, is in 
accordance with an aromatic substance(102).. Further, from 
degradation products, the lignin of wood, a number of phenyl- 
propane (see Figure 2.5) deriatives, containing structure 
could be isolated( 
104): 
sý 
4 
ý3 
ce ßö y_Lc_c_c 
FIGURE 2.5: Phenylpropane Unit 
These monomeric phenylpropane units are linked together 
both by ether and by carbon-to-carbon linkages(102) . The latter 
are highly resistant towards chemical degradation and constitute 
the main factor inhibiting the conversion of lignins to mono- 
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meric units in such treatment as hydrogenation and ethanolysis. 
The examples of these two types of linkages are shown in 
Figure 2.6(a) and 2.6(b). 
CH3 , 
CH3 
FIGURE 2.6(a): FIGURE 2.6(b): 
P, 4'Ether Linkage of Lignin a-a' carbon-carbon Linkage of 
Lignin 
2.4.2.2 Chemical reactions of lignin 
The following are two examples of chemical reaction of 
lignin: 
1. Sulphonation 
In the sulphite pulping process, lignin in wood is con- 
verted into soluble lignosulphonates by the action of bisulphites 
and free sulphurous acid at 130 to 140oC(98,102). There are 
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three mechanisms for the formation of sulphonates; one of which 
is via ether cleavage as shown below: 
N. ý I HO- 
-C SO N 3a 
'OCH3 
FIGURE 2.7: Ether Cleavage of Lignin by Sulphonation 
Process 
2. Hydrolysis in alkaline solution 
Based on model-compound studies it was concluded 
(96) 
that 
the alkaline hydrolysis of phenylpropanes of lignin form 
aromatic aldehydes and acetophenones. In the chemical reaction 
below it shows that 1-hydroxy-l-(4-hydroxy-3-methoxyphenyl)-3- 
propanone (I) yielded vanillin (II) and acetaldehyde (III), 
while ß-hydroxypropiovanillone (IV) yielded acetovanillone (V) 
and formaldehyde (VI). 
74 
HHH 
G 0-0 NaoH, 
- 
dH ý 
CH30" 
I 
2.4.3 Extraneous components 
All species of wood contain a number of organic substances 
that can be extracted with organic solvents such as alcohol, 
benzene, ether and acetone or even-in some cases with water 
(98,104,105) These organic substances are known as extraneous 
components or extractives. They include low molecular weight 
carbohydrates, terpenes, aromatic and aliphatic acids, resins, 
alcohols, tannins, proteins, lignans, and soluble lignins. 
About 3-10% of dry wood consists of extractives. The softwoods 
usually contain 5 to 8% extractives, whereas hardwood contains 
08 
2 to 4%) 
III 
The extractives often play an important role in the utilisa- 
tion of wood, and influence the physical properties of wood. 
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Certain phenolic compounds lend resistance to fungal and 
insect attack, and silica imparts resistance to the marine 
borer. Besides, some extractives are utilised commercially. 
For. instance, quebracho-extract from the hardwood of the 
South-American tree is one of the chief sources of vegetable 
tannins, turpentine and tall oil. 
To discuss each of the extractives mentioned above in 
this chapter, is beyond the scope of this thesis. Therefore, 
only a few technologically important groups will be discussed. 
2.4.3.1 . Volatile oils 
This material is a complex group of substances, which has 
a considerable economic value. It is the source of turpentine, 
pine oil and other chemicals. This group of substances, espe- 
cially the oxygenated constituents, are responsible for the 
characteristic odours associated with fresh wood. Depending on 
species, the volatile constituents consist of terpenes and 
related substances, paraffin compounds, and also aromatic 
compounds. 
2.4.3.2 Terpenes and related materials 
Terpenes are substances which appear to be a build-up of 
isoprene units (2-methylbutadiene, C5H8). The monoterpenes 
contain two isoprene units; the sesquiterpenes, three; the 
diterpenes, four; and the triterpenes have six such units. 
They include both acyclic and cyclic compounds. The apparent 
addition of each isoprene unit involves the loss of one double 
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bond, and each ring closure results in the loss of an additional 
double bond. 
Many isoprenoids are alcohols, ketones, or acids which are 
formed by addition of water to double bond and/or oxidation. 
These include turpene alcohols, the ketone, camphor, and the 
resin acids. 
2.4.3.3. Phenols and tannins 
Both are phenolic in character. Tanninsare divided into 
condensed and hydrolysable tannins. The condensed tannins are 
built-up of monomers of the catechin type. Hydrolysable tannins 
are esters of sugar; mostly glucose, with one or several 
polyphenolic carbocyclic acids. In the pulping process, the 
phenolic compounds sometimes interfere with the course of the 
reaction. 
2.4.3.4 Inorganic constituents 
In addition to organic, substances, mature wood contains 
also a number of mineral constituents such as silica, salts 
of calcium, potassium, magnesium and also salts of other elements 
(small quantity). Relatively smaller amounts are extractable 
from. wood with water or other neutral solvents, but most of it 
with dilute hydrochloric acid. These mineral components are 
usually studied by analysis of the ash which remains when the 
organic matter is burned at high temperatures. Percentage of 
ash in wood varies depending on the region. For example woods 
77 
of the temperate zone of the United States contain 0.2 to 
0.9% of ash, whereas some tropical woods contain 4 to 5%. 
Ash of wood is composed of 40 to 70% calcium oxide, 10 to 30% 
of potassium oxide, 5 to 10% of magnesium oxide, and 0.5 to 
2.0% ferric oxide. 
2.5 Manufacture of Woodpulps 
Because the fibres to be used in this work are woodpulps 
prepared by the pulping process, it is therefore appropriate 
to discuss briefly the pulping process itself in this chapter. 
Wood is converted to pulp for the manufacture of paper and 
paperboard, and for the production of regenerated cellulose 
(rayon) and cellulose derivatives. The separation of the 
fibres in the wood is accomplished by purely, mechanical means, 
by treatment with chemicals to dissolve the lignin, or by a 
combination of both mechanical and chemical. The resulting 
pulps are then subjected to bleaching and purification treat- 
ments. The choice of the process depends on the requirements 
for colour, purity, strength, and other properties that are 
determined by the kind of paper in which they are to be. used. 
2.5.1 Pulping Procedures 
These are divided into four different classes: 
a) Chemical pulping, 
b) Semichemical pulping, 
c) Chemimechanical pulping, and 
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d) Groundwood or mechanical pulping. 
Z. 5.1.1 Chemical pulping 
The most common are sulphite, sulphate (kraft), and soda 
pulping. However, only one process i. e. sulphite pulping process 
is described in this chapter. 
Sulphite pulping 
The classical sulphite pulping process uses a calcium bi- 
sulphite solution, containing free sulphur dioxide 
(108) 
Within sulphite pulping processes, there are at least four 
different subprocesses to cater for various diversified needs 
of pulping industry. These subprocesses are acid sulphite, 
bisulphite, neutral sulphite and alkaline sulphite process. 
In the acid sulphite process the cooking acid used 
contains a high percentage of free sulphur-dioxide (S02) and 
therefore has a starting pH of between 1 to 2. The base is 
usually calcium but may also be a soluble base such as sodium, 
magnesium, or ammonium 
(107) 
The strength and yield advantages of pulps made with 
liquors containing little or no excess SO2 have led to the 
development of bisulphite processes which use more soluble 
bases such as magnesium, sodium, and ammonium. The starting pH 
of this process is between 2 to 6 depending on the amount of 
SO2 present. This process is particularly useful for the pulping 
of acid-sensitive wood, such as pine and douglas fir whose 
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heartwood contains phenolic extractives(108). 
Neutral sulphite process is a process in which the cooking 
liquor used contains a predominate of sulphite ion in the pH 
range of 6 to 9. The specific name for this process is neutral 
sulphite semichemical (NSSC) pulping. The process is used in 
producing high-yield pulps (70 to 80%) from hardwoods for the 
manufacture of corrugating board. It is not practical to use 
this process in the pulping of softwoods because it requires 
the use of too much chemical and too long a cooking time due to 
high lignin content, its slow solubilization characteristics and 
the resistance of the resins-of softwoods toward dissolution in 
. 
(1 
neutral sulphite liquor06,107) 
The above setback of the neutral sulphite process can be 
overcome by the use of the alkaline sulphite process, the process 
in which the cooking liquor contains sulphite plus alkaline agent 
at a pH of 10 or higher(1". In general the pulp yield in the 
chemical process varies from 40 to'60% of the wood. 
2.5.1.2 Semichemical pulping 
Pulping procedures which fall under this category are neutral 
sulphite semichemical, high-yield kraft and also high-yield sulphite. 
In this process, wood chips, after cooking, require moderate 
milling. Lignin is partially modified, and varying proportions 
are removed by chemical treatment (sulphite or kraft). Since 
lignin is extensively modified during digestion, it is likely 
that the mechanical fibrilation and subsequent refining removes, 
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to a large extent, the middle lamella and primary wall and the 
S1 layer of the secondary wall from fibre surfaces. This should 
greatly improve the possibility of fibre bonding( 
106. 
2.5.1.3 Chemimechanical pulping 
This is a process in which wood chips are chemically treated 
mildly, followed by extensive milling and grinding for fiberiza- 
tion. The mild chemical treatments are employed to improve the 
physical properties of the pulps over those of purely mechanical 
pulps. Such chemical treatments may include steaming or mild 
digestion with water, bisulphite, neutral sulphite, or bicarbonate 
solution. These methods are particularly useful for dense hard- 
woods. Pulp yield from this process varies between 80 to 95%. 
2.5.1.4 Groundwood or mechanical pulping 
Mechanical pulping is a process by which fiberization of wood 
is accomplished entirely by mechanical means. The basic operation 
consists of forcing a block of wood against a grindstone in the 
presence of water(110). Water is sprayed continuously on the 
surface of the stone in order to keep the abrasive surface clean 
and dissipate the friction heat developed. 
In mechanical pulping, little or no change in chemical 
composition of wood occurs and the pulp yield is about 95%. 
It is likely that the fibre separation occurs at the edge of 
compound lamella, thereby exposing some secondary wall surface(108). 
As mentioned earlier, this should result in greater possibility of 
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bonding. of wood fibres to rubber. 
Mechanical pulping is suitable for most of the softwoods, 
and only a few low density hardwoods. The woodpulps derived 
from this process are utilised for production of paper for 
(1 
. newsprint, hanging, book, tissue, and board10) 
2.5.2 Bleaching and Purification of Woodpulp 
The colour of unbleached woodpulps varies with the pulping 
process and the species usedO 
O8). For instance the unbleached 
mechanical woodpulps derived from softwoods contain all compo- 
nents of the original wood with the exception of the water- 
soluble materialOll). Although the brightness of sulphite and 
groundwood pulps is adequate for their use in the newsprint, 
and some other grades of, paper without further treatment, but 
for some purposes where brightness is desired, pulps have to 
be bleached and brightened by treatments with reducing or oxi- 
dising agents that destroy only the colouring compounds or 
groups without removing the residual lignin. With mechanical 
and chemimechanical pulps, the colour can be removed by using 
peroxide, hydrosulphites or hypochlorite. In the case of 
chemical pulps, further purification is-used to reduce the 
hemicellulose content of dissolving pulps, which is achieved 
by hot alkali refining incorporated into bleaching operation. 
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2.6 Classification of Woodpulps for Rubber Compound Ingredients 
As it was the main objective of this work to utilise short 
fibre woodpulp cellulose as a filler for natural rubber, some 
basic properties of various woodpulps available have to be 
determined. Basic properties which were considered important 
for this work are ash content, moisture content and pH. In 
addition, another property known as Dichloromethane (DCM) 
extract, was also considered to be useful, because it gives 
information regarding the presence of solvent-soluble substances 
such as resins, acids, fats, terpenes as well as other oxidation 
products in woodpulps. 
2.6.1 Ash Content 
As mentioned earlier, woodpulps contain inorganic constituents 
such as silica, salts of calcium, potassium, magnesium and salt of 
other elements. Upon subjecting woodpulps at high temperature, 
all organic substances, except inorganic constituents are burned. 
Inorganic constituents which are not burned are known as ash. 
Thus, ash content is an indication of the amount of inorganic 
matter present in woodpulps collectively. The value of percen- 
tage of ash is considered useful in rubber compounding because it 
has been known that generally these inorganic matters such as 
those mentioned above, have some effects in vulcanisation of rubber 
and also properties of rubber vulcanisate(8). 
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2.6.1.1 Determination of ash content 
The determination of ash content of woodpulps was carried 
out in accordance to ASTM: D586-63111. In this test, woodpulps 
were subjected to a temperature of about 925 ± 250C until combus- 
tion was completed. By knowing the initial weight of woodpulps 
before the test and the weight of the content after test, the 
percentage of ash was calculated. Results of this test are shown 
in Table 2.2. 
2.6.2 Moisture Content 
At a relative pressure of 0.5 (50% RH) water content of, 
wood and cellulose are typically in the range of 7.5 to 9.5014. 
The basic cause for this moisture (water) content can be assigned 
to the hydrogen bonding of water molecules to available hydroxyl 
groups in the noncrystalline regions and on the surface of the 
crystallites. In cellulose, energy consideration suggests that 
the initial strong, sorption at low relative pressures results 
from the linking of one water molecule to two adjacent hydroxyl 
groups, whereas further sorption leads to combination of single 
hydroxyl groups and to oxygen atoms. Water molecules then condense 
on surfaces already covered, and the process finally approaches 
that of condensation in bulk. As water-moisture has been known to 
affect curing characteristic and causes porosity of the rubber 
vulcanisate, it is important that moisture content of woodpulps 
to be used as compound ingredients, is determined. 
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2.6.2.1 Dete nnination of moisture content 
The moisture content of woodpulps was determined in accor- 
dance with BS 4502 (1969)(117). In this test, woodpulps in a 
container were dried in an oven at a temperature of 
105 t20°C until a constant mass was-reached (in this case for 3 hours). 
The difference in weight of pulps before and after drying gives 
the amount of moisture present in it (see Table 2.2). 
2.6.3 pH 
pH value indicates whether substances are basic, acidic, 
or neutral (e. g. water). Woodpulps, depending on their origin 
and methods of pulping process can be basic, acidic or neutral. 
To be utilised as a rubber compounding ingredient, it is 
essential that pH value of woodpulps are known. 'This is because, 
it has been well established that pH level affects the curing 
characteristic of rubber. If the ingredient is acidic in nature, 
for instance hydrated precipitated silicas, cure is retarded. 
This is the reason why glycols or amines are added in the com- 
pounding formulations when silica fillers are used(8) to compen- 
sate for the reduction in cure time caused by the acid nature of 
silicas. In cases when cure retardation is required to prevent 
scorch, organic acids such as silicyclic acid are incorporated. 
This is due to the fact that these acids function by lowering the 
pH of the mixture thus retarding cure018 
). However, if the 
ingredient is basic in nature, cure is accelerated. 
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2.6.3.1 pH determination 
pH level determination of woodpulps was carried out in 
accordance with ASTM D1512, part 38,1975(119) in conformance 
with ASTM method E-70(120. It is worthwhile to mention that 
method ASTM E-70 is a method for testing the pH value of carbon 
black. However, similar procedure was adopted for woodpulps, 
because woodpulps form a reasonably homogeneous mixture in water. 
Results of this experiment are shown in Table 2.2. 
2.6.4 Dichloromethane Extract 
As mentioned earlier in this chapter, DCM extract gives 
estimate of the solvent extractable content of the pulps such as 
resins, acids, terpenes etc. The presence of these substances may 
give certain effects in rubber compounding and also on bonding 
of fibres to rubber. But, whether the effect is significant or 
not, is still remaining to be seen. 
2.6.4.1 Determination of DCM extract 
The determination of DCM extract was carried out in accor- 
dance with BS 4490: 1969( 
121) (identical to ISO R. 624). The 
extraction was carried out at 103 ± 20C for a period of 8 hours 
with extraction rate of 12 times/hr. (See Table 2.2 for results). 
2.6.5 Results and Discussion 
Results of basic properties of woodpulps are shown in Table 
2.2. It is observed that the ash content of woodpulps, range from 
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. 
0.1% for purified ground cellulose powders to 0.6% for mechanical 
pulps. Moisture content varies from 4% for purified ground 
cellulose powders to 19% for unbleached softwood chemical pulps. 
However, the reason for such a big range is difficult to explain. 
The result is quite different from that of literatureOl6 , 
122 ) 
which quoted a value of 11% moisture content for wood in general 
as compared to 6% for cotton. The testing was carried out at 
relative humidity (RH) of 65%. It is worthwhile also to mention 
that the higher the relative humidity, the higher the value will be 
and vice-versa. Bleached mechanical woodpulps having moisture 
content of 11% fits well with the quoted value. The reason for 
a reasonably high moisture content of woodpulps may be explained 
by the-following mechanism: 
cellulose molecule 
ý .;: 
H,.. H, 
./ý. / , "o ", . 
cellulose molecule 
1. Hydrogen bonding between two adjacent cellulose molecules 
cellulose molecule 
/o , SS /ýH/ -ný 'ý ý ý, -, ý I 
.ývv 
/Hl 'ý. ý' -0 10' ? »' ý1 
cellulose molecule 
2. Hydrogen bonding of two cellulose molecules through a mono- 
layer of water molecules 
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TABLE 2.2: Basic Properties'of Woodpulps 
Ash Moisture pH Value DCM 
Woodpulps Content Content (range) Extract 
Ground woodpulps: 
Bleached 0.61 11.0 6.41-6.45 0.76 
Unbleached 0.56 9.7 5.81-5.9 0.60 
Chemical (softwood) 
Bleached - 7.0 4.6 -4.7 0.07 Unbleached 0.34 18.8 7.51-7.62 0.98 
Chemical (hardwood) 
Bleached 0.24 7.8 4.78-4.82 0.46 
Unbleached 0.61 14.8 7.42-7.5 0.36 
Purified ground 
cellulose powders 
0.07 3.9 5.14-5.19 0.39 
reconstituted waste 
er (flash dried) a 
8.3 8.5 6.37-6.38 0.66 
p p 
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When the distance between neighbouring cellulose molecules 
becomes small enough hydrogen bridges can be formed (mechanism 
1). This explains the phenomenon of clinging of cellulose fibres 
4 
especially those of chemically prepared. If water is present, 
hydrogen bonding is then formed between the oxygen of cellulose 
molecule and the hydrogen of water molecule (mechanism 2). 
This mechanism explains the phenomenon of moisture absorption 
by cellulose and also the swelling properties. The effect 
moisture content has on curing characteristics and porosity of 
rubber vulcanisate, will be dealt with in the later part of this 
chapter. 
The pH value about 7.5 ofAbleached chemical pulps (both 
softwood and hardwood) suggests that, they were prepared by 
neutral sulphite pulping process. However, after bleaching, 
the pH level dropped to about 4.7 (acidic). This is due to the 
fact that in bleaching process acidic materials such as hypo- 
chlorite (derived from hypochlorous acid) were used. Other 
woodpulps such as mechanical pulps are just marginally acidic 
(pH about 6). Nevertheless, this might have a slight effect 
on the curing characteristics of rubber. 
DCM extract values are generally low for all types of wood- 
pulps, and it is doubtful whether it will have any effect in 
rubber compounding. 
dthar forti6/r MdCij, cN%'MS 1ý44dc SL4tIC C, 44et chd MCC%., ý, ýý 
ý, ook,; º9 .J 
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2.6.5.1 Infra-red spectra analysis 
Infra-red spectra analysis was also carried out in this 
part of the investigation. The following observations were 
made: 
As expected, a typical bond of cellulose at 1000-1150 cm-1 
and at 3310-3550 cm-1 were observed for all types of woodpulps 
studied. These bonds (peaks) correspond to ether group (C-O-C) 
and bonded hydroxyl group respectively. Detailed analysis of 
infra-red spectra for various woodpulps studied suggests that 
chemical structure/composition of ground woodpulps and chemical 
pulps (both softwood and hardwood) are different. Peaks at 
1515 cm-1 (aromatic phenyl ring) and 1750 cm-1 (carboxyl group) 
as observed in ground woodpulps were not shown in chemical 
pulps. This indicates that lignin which is an aromatic polymer 
is present in mechanical woodpulps but not in chemical pulp. 
Similarly no carbonyl group (C=0) can be detected in chemical 
pulp due to the absence of peak at 1750 cm-1. However, it must 
be mentioned that carbonyl groups may or may not be present in the 
woodpulps depending on whether or not oxidation takes place on 
the cellulose molecules. The presence of peak at 1515 cm-1 which 
indicates the presence of lignin in the mechanical woodpulps is 
rather expected due to the fact that in mechanical pulps lignin 
was not removed during the pulping process. Further examination 
of infra-red spectra suggests that the presence of peak at 
1810 cm-1 in all woodpulps studied gives a good indication of 
the presence of adsorbed water in the woodpulps. This is consistent 
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with the result of moisture content of woodpulps which was 
discussed earlier. 
Analysis of infra-red spectra of DCM extracts for all wood- 
pulps investigated shows that they are generally identical. 
The presence of peaks at about 1720 cm-1 which represent C=0 group, 
probably indicates the presence of fatty acid in woodpulps. Peak 
at between 1000-1150 cm-1 indicates the presence of ether linkages 
(C-O-C), whereas the peak at 3310-3350 cm-1 represents bonded 
-OH- group. This peak confirms the presence of any kind of 
carboxylic acids, most likely fatty acids as indicated in the 
earlier part of this chapter. 
The infra-red spectra of both original woodpulps and DCM 
extracts for ground woodpulp and softwood chemical pulps are 
shown in Figure 2.8 (a, b, c, d). 
Text cut off in original 
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2.7 Selection of Woodpulps for Rubber Compounding 
The objective of this part of the experiment was to identify 
and select one particular type of woodpulp for detailed 
investigation. 
It has been known that the main problem of incorporating 
wood cellulose short fibres in rubber is dispersion. This is 
due to the fact that cellulose fibres tend to cling together 
and remain in bundles upon mixing in rubber. This clinging toge- 
ther of cellulose fibres arises from interaction of fibres due to 
hydrogen bonding forms between two adjacent cellulose fibres. 
Thus, any attempt of using these fibres as filler for rubber 
must first solve or reduce this dispersion problem. Knowing 
that, the main cause of the problem is interaction between 
fibres due to hydrogen bonding, the approach has to be based 
on methods of coating the surface of these fibres so that 
hydrogen bonding cannot be formed. The simplest way is to use 
any type of rubber fillers such as magnesium carbonate, silica 
or even carbon black. 
2.7.1 Materials 
2.7.1.1 Woodpulps* 
Ground woodpulp (bleached) 
Softwood chemical woodpulp (bleached) 
Hardwood chemical woodpulp (bleached 
* All woodpulps were obtained from Price and Pierce (Woodpulp) 
Ltd 
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Note that because both softwood and hardwood chemical pulp 
are available only in sheet form, they were first cut into 
pieces and then ground by using a grinder to convert them to 
powder form. In the case of ground woodpulp which was available 
as flash dried, the procedure above was omitted. 
2.7.1.2 Dispersion powder aids 
Silica VN3 
Magnesium carbonate (rubber grade) 
2.7.2 Procedure 
Woodpulps which were required to be incorporated into 
'powder form' were mixed with a coating or dispersant material 
(Silica VN3 or MgCO3) at various ratios and ground together in 
a mortar by using the pestle. The grinding time was about 5-10 
minutes. When this process was completed, the whole mixture 
was transferred into a small, but long, bottle (weighing bottle) 
for examination of flow behaviour. It was important to ensure 
that the level of the mixture in the bottle was low (probably 
below the half way point). in order to give the mixture sufficient 
space for it to be shaken and to observe flow. By turning the 
bottle containing the mixture up and down, the flow behaviour 
was observed and noted. Although this technique is simple, it is 
also effective. The results of this part of the experiment are 
shown in Table 2.3. 
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TABLE 2.3: Results of Flow Behaviour of Woodpulps in the Presence 
o Dispersion Powder Aids 
Woodpulp types Dispersion Dispersant Comments on flow Powder Powder: Behaviour 
Aids Woodpulps 
Ground woodpulp Silica VN3 None Flow was not particu- 
(BL) (Control) larly good but usable 
1: 19 (5%) Not very different to 
the control 
1: 9 (10%) The mixture flows 
freely - much improved 
over control 
1: 4 (20%) As above 
1: 2 )33%) Mixture flows very 
freely - very much 
improved compared with 
control 
MgCO Similar to silica VN 3 3 
at all ratios 
Softwood chemical Silica VN None No flow was observed. 
pulp (BL) 
3 (Control) Fibres cling together 
to form lump 
1: 4 (20%) As above-no improvement 
1: 2 (33%)' Flows slightly 
1: 1 (50%) Flows quite freely - 
but not as satisfactory 
as ground woodpulps. 
MgCO3 1: 1 No flow was observed 
Hardwood chemical Silica VN 1: 1 Only slight flow was 
pulp (BL) 
3 observed (fibres form 
. lump 
) 
MgC03 1: 1 As above 
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2.7.3 Results and Discussion 
Results in Table 2.3 show that ground woodpulp has better 
flow behaviour compared to chemical pulps. Even without any 
coating agent (control) the flow was quite satisfactory. The 
optimum ratio of coating agent (i. e. Ultrasil VN3) to mechanical 
pulps was considered to be about 1: 9. Similar effect was obser- 
ved with both the silica (Ultrasil VN3) and magnesium carbonate. 
With chemical pulps (both softwood and hardwood), the flow beha- 
viour was bad even with about 50% of coating agent. 
The results obtained above were expected due to the diff- 
erence in chemical nature of the surface of the fibres. Ground 
woodpulp which has considerable amounts of lignin on the surface 
of their fibres flow well and consequently are expected to dis- 
perse satisfactorily in the rubber matrix because lignin acts 
as a barrier against the formation of hydrogen bonding between 
the adjacent fibres. Whereas chemical pulps flow very badly and 
consequently are expected to disperse badly in rubber matrix 
because no lignin is present to act as a barrier against the 
formation of hydrogen bonding between the neighbouring fibres. 
As mentioned earlier, this effect leads to fibres clinging toge- 
ther and therefore are difficult to disperse in the coating 
medium. The relative dispersibility of the mechanical and chemi- 
cal pulps in rubber will be tested in the later part of the 
experimental series. 
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2.8 Compound of Rubber Containing Woodpulps- A Preliminary 
Examination o W070pulps as Filler for Rubber 
2.8.1 Introduction 
In order to use woodpulps as fillers for rubber, it is of prime 
importance that they can be compounded into rubber mass without 
much difficulty. Thus, it was an objective of this part of the 
experiment to evaluate the ability of woodpulps to be incorporated 
into rubber in addition to other compounding ingredients. It 
was also an objective of this experiment to assess the degree 
of dispersion of these woodpulps in the rubber compound. The 
compounding formulation is shown in Table 2.4, and the result of 
basic physical properties and curing characteristics are shown 
in Table 2.4. Mixing and curing procedure and testing methods 
will be discussed later in the next chapter. 
2.8.2 Results and Discussion 
As shown in Table 2.4, the presence of fibres increases 
the hardness and modulus at 100% strain for both white and 
black composites. This is expected because the presence of fibres 
increases the stiffness of the composite. In contrast, both 
tensile strength and elongation at break decreases with the 
presence of fibres (at a particular level) in both white and 
black composites. The reduction in tensile strength may be due 
to the loosening of fibres in the rubber matrix at low fibre 
concentration which leads to the formation of holes and conse- 
quently the strength is lowered. It is observed that for white 
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TABLE 2.4: Formulation Used and Properties of Rubber Composites 
Obtained - Eva uation of oo pu p as Hiler for u er 
Formulation Mix No 
pp hr 2 3 4 5 6 7 8 
NR (SMR 5) 100 100 100 100 100 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Ground Woodpulp(1) - 25 - - - 25 - - 
Chemical Woodpulp(2) - - 25 - - - 25 - (softwood) 
Santoweb W(3) - - - 25 - - - 25 
Carbon black - - - - 20 20 20 20 (HAF N330) 
Properties 1 2 3 4 5 6 7 8 
Hardness (IRHD) 35 74 73 69 45 75 75 71 
Tensile Strength 26 9.4 5.7 6.8 21.8 10.8 9.2 11.6 
(MPa) 
Elongation at break 700 500 350 400 600 450 300 430 
(%) 
Modulus at 100% 1.1 3.9 3.4 2.5 1.8 3.8 4.6 3.0 
strain (MPa) 
Yield stress (MPa) - 3.5 3.2 2.7 - 3.3 4.1 2.6 
Cure time, t95 at 27.5 30 24 27 34 37 27 26 
140°C (mins) 
ScoEch time, ts2 at 11 10 10 10 11.5 13.5 9.5 9 
140 C (mins) 
Maximum torque 21.5 32 34 27 23.5 33 38 30 
(dN-m) 
1. Stock for FF/BL, Bleach, Flash Dried Grade, supplied by Price and 
Pierce (Woodpulps) Ltd, Woking, Surrey. 
2. Oulu Bleached Pine Kraft, supplied by Price and Pierce (Woodpulps) 
Ltd, Woking, Surrey. 
3. Cellulose fibre, supplied by Monsanto Company Ltd, London. 
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composites, the value of tensile strength of composites containing 
mechanical pulps was higher than that containing chemical pulps 
or Santoweb W. In black composites, both composites containing 
mechanical pulps and Santoweb W are higher than those containing 
chemical pulps. Disperson could be the key reason for the above 
observations. Examination of the composite sheets visually indicates 
that, chemical pulps did not disperse well in the rubber compound. 
2.8.2.1 Dispersion 
In addition to visual observation of sheets of composite to 
judge the degree of dispersion, the author has established a 
simple, but an effective, method to judge dispersibility of 
woodpulp fibres in rubber compounds. The method is based on 
the measurement of specific gravity of samples of composites 
taken at various points on the sheet (see Figure 2.9). 
ýý 
ý/ 
"1 
FIGURE 2.9: 6" x 6" sheet of composite for measurement of specific 
gravity (shaded areas(1-ß) are various points from 
which samples were taken for the test) 
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The theory behind this method is that, if the dispersion is 
satisfactory, the specific gravity of samples extracted from 
various points of the sheet should not vary significantly. 
The extent of variation was measured statistically by calculating 
the coefficient of variance (see Appendix 1). The values are 
then compared against the value obtained from gumstock. 
The result of this test is shown in Table 2.5. It is 
observed that at the same level of concentration (25 pbw), the 
value of coefficient of variance for composites containing mecha- 
nical woodpulp are much lower than that of composites containing 
either chemical pulp or Santoweb W. The value for gumstock is 
very low i. e. about half of the composites containing 25 pbw 
of mechanical woodpulps. It is also interesting to note that 
for composites containing mechanical pulps, the value of coeffi- 
cient of variance increases with increasing level of woodpulps. 
This shows that as the concentration of woodpulp was increased, 
dispersion became more difficult as reflected by the greater 
variation of specific gravity of samples taken from the sheet. 
In summary, the result above indicates the following: 
1. Very bad degree of dispersion was observed for composite 
containing chemical pulps-and also Santoweb W. 
2. The result of coefficient of variance is in line with the 
value of tensile strength obtained previously where the 
tensile strength of the composite containing mechanical 
pulps was the highest. 
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TABLE 2.5: Effect of Wood ul s Short Fibres on Specific Gravity 
of Rubber ompoun 
Base formulation: SMRS 100, ZnO 5, Stearic acid 2, Sulphur 2.5, 
CBS 0.5 
Concentration Mean Coefficient 
Fibres (pbw) S. G. of variance 
Nore(gumstock) - 0.978 0.1800 
Ground woodpulp 15 1.003 0.3567 
(BL) 
25 1.035 0.3826 
40 1.060 0.4505 
50 1.070 0.5925 
80 1.119 0.6864 
Softwood chemical 25 1.043 0.7277 
pulp 
Santoweb W 25 1.025 0.6809 
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3. The statistical method based on variation of specific 
gravity i. e. determining the value of coefficient of 
variance, is quite an effective method for judging the 
degree of dispersion. 
4., Based on the results obtained in this experiment, mechani- 
cal pulp was selected for detailed investigation. In 
addition to the results obtained, the cost of mechanical 
woodpulp is much lower than the chemical pulps (to be dealt 
with later). These combinations of properties make ground 
woodpulp look more attractive than chemical woodpulp for 
further investigations. 
2.9 Measurement of Lgn4th and Diameter of Ground Woodpulp Fibres 
Measurement of length and diameter of ground woodpulp was 
made using optical microscopy, transmission light mode. The 
measurement was made at random locations in a mass of fibres and 
the results are shown in Table 2.6. From the result in Table 2.6 
the following were obtained: 
Range of length (L): 196 - 2400 um 
Range of diameter (D): 7- 25 um 
Range of L/D: 28 - , 
4d 
Average length: 1044 um (ti 1.04 mm) 
Average diameter: 15 um 
Average L/D: 67 
105 
TABLE 2.6: Length and Diameter of Ground Woodpulp Fibres 
Length (um) 1't , ri ., um viärr+44-r L/D ratio 
1550 
770 
385 
196 
385 
2400 
1130 
1830 
670 
1310 
571 
380 
685 
. 
1240 
1123 
1040 
860 
1150 
1280 
1250 
443 
2230 
1490 
1120 
930 
930 
670 
1030 
1340 
930 
15 
12 
14 
7 
17 
24 
15 
10 
12 
20 
8 
10 
17 
9 
10 
11 
13 
19 
17 
19 
25 
25 
1616 
16 
16 
16 
16 
16 
16 
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64 
28 
28 
23 
100 
75 
183 
56 
66 
71 
38 
40 
138 
112 
95 
66 
61 
75 
66 
18 
89 
93 
70 
58 
58 
42 
64 
84 
58 
lb6 
2.10 Effect of Moisture on Porosity of Composite. 
From the results shown in Table 2.2 it is observed that 
the moisture content of mechanical pulps (bleached) is 11%. 
Thus, it was important to investigate whether this considerably 
high level of moisture content in mechanical pulps will give rise 
to the problem of porosity in a Woodpulp-rubber composite. 
To do this, thick blocks (heat build-up test piece) were cured 
at 140°C and 180°C for their respective cure times, from com- 
pounds 2 and 6 of formulation in Table 2.4. The cured samples 
were then cut by cross-sectionally in order to expose the 
inside part for examination of porosity using a magnifying 
glass. 
Examinations, under the magnifying glass, of the cut surface, 
revealed that, no porosity was observed for test pieces cured at 
both temperatures (140°C and 180°C). This indicates that the 
presence of moisture was not considered to cause the problem of 
porosity in the composite. 
The observation above is further supported by the micro- 
hardness measurements across the diameter of a test piece con- 
sisting of ground woodpulp and carbon black. For both test 
pieces, cured at 140°C and 180°C respectively, the hardness 
readings (five readings) were consistent (within 2 unit) across 
the diameter (see Table 2.7). 
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TABLE 2.7: Microhardness Readings: 
_ 
Across the Diameter of 
Circular Test amp e 
Temperature of 
Hardness readip /Point across diameter* 
Curing 
(°C) 1 2 3 4 5 
140 69 67-. 68 6869 67 68 
180 67_68 66.. 67 68 66_67 67 
* 
1-5 are points across the diameter of a circular test sample (cut 
from cylindrical block) where the hardness readings were taken). 
2.11 Effect of Temperature on Degradation of Com osite During 
wring - Basis o Selection o Curing Temperature 
It is known that woodpulps are degraded when heated at high 
temperatures. Because curing of f-a rubber or woodpulp-rubber 
composite involves the use of high temperatures, it was thought 
essential to investigate whether woodpulps will make any contri- 
bution towards heat degradation of the composite studied. To do 
this, compounds 1 and 2 of the formulations in Table 2.4 were 
cured in a curemeter (Monsanto ODR) at different temperatures, 
and the cure profile taken. From the cure trace, degree of 
degradation was then determined by calculating the slope of the 
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degradation part of the trace (see Figure 2.10). 
The effect of temperature on the degradation of the 
gumstock and woodpulp-rubber composite is depicted in Figure 
2.11. For all rubber compounds it was observed that the degree 
of degradation (represented by the slope) increases when the 
temperature was increased from 1400C to 170°C. Comparing gum- 
stock with compound containing woodpulps (undried), it was found 
that the slope for the latter was greater than the former at 
all temperatures. This indicates that woodpulp has the effect of 
increasing the extent of heat degradation of the rubber compounds. 
It was first thought that the reasons for such an effect may be 
due to: 
1. Woodpulps contain a lot of hydroxyl group (-OH-) and are 
therefore prone to heat oxidative degradation and contributes 
towards degradation of the whole woodpulp-rubber composite. 
2. The presence of a high level of free moisture activates 
further this process of heat degradation. 
To investigate the effect of (2), woodpulps were first dried 
for 2 hours at 105°C in order to remove the moisture. This 
moisture free woodpulp was then compounded with rubber and 
the ODR curing trace was again followed and the degradation slope 
was then calculated. As it can be observed in Figure 2.11, the 
extent of degradation for compounds containing dried pulps, is 
much greater than that containing undried woodpulp. This observa- 
tion was made for all temperatures investigated. The result 
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indicates that removal of moisture did not help to reduce the 
extent of degradation; in fact, it was the opposite. The reason 
for the increase in the extent of degradation when moisture was 
removed is quite difficult to explain. A possible explanation 
could be that, a certain extent of heat degradation took place 
during the drying of pulps at 105°C. 
Another important feature observed in Figure 2.11 is that, 
as the temperature was increased above 1370, °C, the slope of 
degradation increased drastically. This observation aided the 
selection of temperature of curing for detailed investigation 
of this work. A temperature of 150°C was considered suitable, 
for curing of woodpulps-rubber composite because it gives a 
combination of reasonable extent of heat degradation on prolonged 
curing, as compared to higher temperatures, but at the same 
time giving reasonably short curing time as compared to lower 
temperatures, say 140°C. 
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CHAPTER 3 
SPECIMEN PREPARATION AND TESTING 
3.1 Introduction 
From the work in Chapter 2, wood cellulose from mechanical 
woodpulp was selected for detailed investigation. This chapter 
deals with the preparation and testing of specimens for the 
investigation. The techniques used for mixing, moulding and 
testing of physical and adhesion properties are described in the 
following sections. 
3.2 Materials 
3.2.1 Woodpulp 
The mechanical woodpulp* used in this work was first dried 
for 2 hours at 105°C in a hot air oven to remove any moisture 
present. Prior to mixing, the woodpulp was dispersed in and pre- 
mixed with carbon black (HAF N330) to facilitate dispersion during 
the subsequent mixing in rubber. 
3.2.2 Other Compounding Ingredients 
Besides woodpulps, other ingredients used which are essential 
in the compounding of rubber (SMR5) are zinc oxide('), stearic 
acid 
(2), 
sulphur 
(3), 
accelerator (CBS and DCBS)(4), carbon black 
* Stockfor FF/BL, bleach, flash dried grade, supplied by Price 
and Pierce (Woodpulps) Ltd. 
1. Anchor Chemical Co Ltd. 
2. Anchor Chemical Co Ltd. 
3. Anchor Chemical Co Ltd. 
4. Vulcafor, Vulnax International Ltd. 
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(HAF, Vulcan 3)(5), silica (Ultrasil VN3)(6) and antioxidant 
(Permanax BL)(7). 
3.3 Preparation of Test Specimens 
3.3.1 Mixing of Rubber Compounds/Composites 
All mixing procedures were carried out on a two-roll mill of 
850 cc capacity. Mixing conditions and mixing cycles are des- 
cribed as follows: 
Mixing conditions: 
Friction ratio (front to back roll speed ratio) 1: 1.25 
Mixing temperature: 700C 
The mixing temperature was achieved by heat generated during 
mastication of rubber. During this time, the cooling water was 
turned off. If the temperature exceeded 70°C, the cooling water 
was turned on. 
Mixing cycle: 
(sequence of addition of ingredients). 
Rubber (SMR 5) - Mastication to a smooth band 
Activator (Zinc oxide/stearic acid) 
system + 
Fillers (carbon black/woodpulp 
Bonding agents 
4 
Curing agent (sulphur) 
Accelerator (CBS or DCBS) 
5. Cabot Carbon Ltd. 
6. Bayer Chemical Co Ltd. 
7. Vulnax INternational Ltd. 
114 
Mastication of raw rubber was carried out to break down the 
high molecular weight for easier incorporation of ingredients. 
In the case of SMR5 used in this work, mastication time was 
about 5.7 minutes, depending on the initial temperature of the 
two-roll mill. It was carried out until a smooth band of rubber 
had formed on the roll. The total mixing time varies from 30 
to 40 minutes depending on the ease of incorporation of the 
various ingredients added. 
3.3.2 Preparation of Oriented Sheet 
Sheets with fibres orientated in the machine direction 
(longitudinal direction) were prepared by banding the stock 
through an even speed roll. Sheets were passed (without folding) 
, 
( 
several times through the open nip at set different gaps123) 
using the following sequence of passes: 
Initial step 2 passes at 3 mm nip size 
2 passes at 2.5 mm nip size 
2 passes at 2 mm nip size 
V 
Final step -3 passes at 1.5 mm nip size 
Finally the mixes were sheeted out to a thickness of about 
3 mm and the direction of orientation was noted. 
3.3.3 Processing and Vulcanisation Tests 
Processing and vulcanisation tests are two of the most critical 
tests for rubber and rubber compounds. This is due to the fact that 
115 
Upper die 
Rotor 
FIGURE 3.1: Mooney cavity and rotor 
100 
90 
80 
tA 
70 
4-) 
= 60 
ý" 
50 
c 0 40 
30 
20 
10 
0 
TS 
.II1 -. l 
10 20 30 40 50 
Time, minutes 
FIGURE 3.2: Mooney scorch curve 
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the processability and vulcanisation characteristics are vitally 
important because they affect the success of all the basic steps 
in the manufacturing process used to convert raw rubber into final 
usable products. 
Processability is dependent on the viscosity or plasticity 
of the rubber compound, i. e. its resistance to flow, and the 
time required for crosslinking of the polymer to occur under 
processing conditions. Viscosity determines the energy required 
to extrude or form the rubber, while the time to initial cross- 
linking, T5 indicates the amount of heat history which can be 
tolerated before the polymer is converted from a plastic to a 
rubbery state in which processing is virtually impossible (i. e. 
the rubber scorches). 
Viscosity of rubber compounds were determined by using the 
Mooney viscometer (BS 1673: Part 3: 1969). This viscometer is 
of a rotating disc type. The shearing action is performed by a 
disc rotating in a shallow cylindrical cavity filled with rubber 
under test (see Figure 3.1). The rubber is squeezed into the 
cavity under a closing and holding pressure of 0.5 MPa and 0.4 MPa 
respectively. The surface of the disc and the dies which form the 
cavity are grooved to avoid slippage. The, test specimen consists 
of two pieces which completely fill the test chamber. One piece 
is placed above the rotor and the other beneath it. The rotor is 
rotated at 2 rpm by an electric motor. The resistance of the rubber 
to the shearing action develops a thrust on the shaft which presses 
against and deflects a calibrated U-spring. The deflection of the 
U-spring is proportional to the torque required to rotate the rotor 
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and is read on a dial gauge graduated in thousands of an 
inch, each thousand corresponding to one Mooney unit. 
In the viscosity measurements, the sample was allowed to 
warm-up for one minute after the platens were closed. The temp- 
erature of the platens was set at 100°C. The motor was then 
started and a reading taken after 4 minutes. The result was expres- 
sed as [ML1 +4 (100°C)], where M is the Mooney viscosity number, 
L indicates the use of large rotor (1.5 in), 1 is the time in 
minutes that the specimen was permitted to warm up in the machine 
before starting the rotor, 4 is the time minutes after starting 
the motor at which the reading was taken, and 1000C is the 
temperature of the test. 
For the measurement of scorch time, the viscometer was set-up 
similarly as in the viscosity measurement, except that the temp- 
erature of the platens was set at 1200C. The scorch time was 
determined from the trace of viscosity versus time (see Figure 3.2). 
The scorch time was taken as the time when the viscosity rose 5- 
point above the minimum assigned as T5. 
Vulcanisation characteristics of, rubber compound are dependent 
on curing systems employed. However, whatever the system is 
employed the vulcanisation process in a rubber compound occurs in 
three stages (see Figure 3.3): 
1. An induction period; 
2. A curing or crosslinking stage; and 
3. (a) a reversion or overcure stage (NR/IR), 
(b) a marching modulus (e. g. SBR) 
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The induction period represents the time at vulcanisation temp- 
erature during which no measurable crosslinking has occurred. 
It is of practical importance since its duration determines the 
safety of the stock against 'scorching' during the various proces- 
sing steps which precede the final vulcanisation. Following the 
induction period, crosslinking proceeds at a rate which is depen- 
dent on the temperature and the composition of the rubber compound. 
When crosslinking proceeds to full cure, continued heating produces 
an overcure or reversion which may result either in a further stiff- 
ening or softening of the compound. In a development or production 
of rubber compounds, the rubber technologist strives to arrive at 
a balance between a tendency to scorch and a vulcanisation rate 
which best fits the processing and cure requirements of the final 
product. 
Vulcanisation characteristics by ODR: 
The tests are aimed at determining the behaviour of the 
compound during the three phases of the vulcanisation cycle. There 
are various methods available, but in this work only one particular 
method, i. e. continuous measurement using Monsanto Disc Rheometer, 
TM 100 was used. The instrument consists of a die cavity located 
in large electrically heated platens as shown in Figure 3.4. 
The temperatures of the platens and dies were maintained to within 
±0.5°C by proportional temperature controllers. A rubber which was 
previously stored for 48 hours to allow for any unknown chemical 
reactions to go for completion was placed within the vulcanisation 
chamber so that a reciprocating biconical disc is embedded in the mix 
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and the mix is maintained under a holding pressure of 4.5 MPa. 
throughout the test. The sinusoidal oscillation of the biconical 
disc at constant amplitude exerts a shear strain on the mix. As 
the vulcanisation proceeds the torque required to shear the mix 
increases and the trace of a curve of torque versus time was gen- 
erated. The torque value is directly related to the shear modulus 
of the mix; see Figure 3.3. 
The scorch time, cure time and cure rate index were calcula- 
ted as follows: 
Scorch time = time taken to raise torque value of 2 
units above the minimum point on the 
cure curve 
Optimum cure time = 90 or 95% criterion was adopted and 
calculated from the formula: 
Tn -T -M1 
(MM - ML) x (90 or 95) 
'90 " '95 -' 'L 100 (minutes) 
100 
Cure rate index = tc(XXsx 
-It is proportional to the average slope of the cure curve in the 
steep region. 
3.3.4 Preparation of Test Specimens by Compression Moulding 
Technique 
Having obtained optimum cure time for rubber mixes at a 
chosen temperature (say 150°C), the mixes were then cured on an 
electrically heated press. The moulding pressure used was 0.5-lton/sq in. 
121 
Different types of mould were used depending on types of test 
specimen prepared. For instance for tensile and tear test speci- 
mens, 152 mm x 152 mm x 2.5 mm mould was used. 
Cured test specimens were stored for 24 hours in polythene 
bags prior to testing in accordance with British Standards 
BS 903. 
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3.4 Testing 
Testing was carried out in accordance with British Standards 
903 series. 
3.4.1 Determination of Specific Gravity 
The specific gravity was determined in accordance with the 
BS 903: Part Al: 1980. The value was calculated using the 
following formula: 
mI 
Specific gravity = ml - m2 
where m, = weight of rubber in air 
m2 = weight of rubber in water. 
3.4.2 Determination of. Stress-Strain Properties 
This test was carried out in accordance with BS 903: Part A2: 
1971. The JJ tensile testing machine of model T5002 (JJ Lloyd 
Instruments Ltd) in conjunction with an X-Y plotter (PL 100 of 
JJ) was used for this test. The details of the machine set-up 
were as follows: 
Testing speed: 500 mm/min 
Load cell: 500N 
The test piece used in this test was the Type 2 as specified 
in British Standards; see Figure 3.5. 
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Reference 
Length 
l.! '1 
25±1 
20 
Ll--ý 
75 
(Unit in millimetres) 
FIGURE 3.5: Dumb-bell Test Piece (Type 2 of B. S. ) 
3.4.2.1 Tensile strength 
It is defined as the maximum tensile stress reached in 
stretching the test piece to breaking point. The value is calcula- 
ted as follows: 
Tensile strength = 
Force at break MPa Initia cross-sectional area 
3.4.2.2 Modulus at a given tensile strain (100% or 300%) 
It is a tensile stress at a given strain and obtained as follows: 
Modulus (at 100% or 300%) 
Force at a given strain MPa Initia cross-sectional area 
124 
3.4.2.3 Stress at yield 
The stress at yield was determined by taking the force at 
yield point (see Figure 3.6) and dividing it by the initial cross- 
sectional area of the dumb-bell test piece. 
3.4.2.4 Elongation at break 
It was calculated by subtracting the initial distance between 
the reference lines on the dumb-bell test piece from the distance 
between the lines at breaking point and expressing the result as 
percentage of the initial distance. For Type 2 test piece, the 
initial distance is 20 mm. 
3.4.3 Determination of Young's Modulus of Short Fibre- 
Rubber Composites 
The test piece used for this test was a dumb-bell (type 2), 
similar to the test piece used for tensile strength test as shown 
in Figure 3.5. 
Testing was carried out on the JJ tensile testing machine. 
The value of Young's Modulus was determined as the slope of strain- 
curve at low extension where it is essentially linear (see Figure 
3.6). 
3.4.4 Determination of Hardness 
A hardness measurement is a simple way of obtaining a measure 
of the elastic modulus of a rubber or composite by determining its 
resistance to a rigid i,. dentor to which is applied a force. It is 
a measure of modulus at very small deformation. The measurement was 
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carried out using the Wallace Meter in accordance with BS 903: 
Part A26: 1969. 
3.4.5 Determination of Compression Set at Constant Strain 
Method of Part A6: 1969 
This test is intended to measure the ability of rubbers to 
retain elastic properties after prolonged compression. The test 
was carried out according to British Standards as noted above. 
The test piece used was a cylindrical disc of 13.0 ± 0.5 mm diameter. 
The temperature and duration of compression period was 1000C and 
24 hours respectively. At the end of the compression period, the 
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compression set at constant strain was calculated as follows: 
Compression set at constant strain = 
to 
_trx 
100% t0ts 
where to = original thickness of test piece 
tr = thickness of test piece after recovery 
is = thickness of spacer (4.73 ± 0.01 mm). 
3.4.6 Determination of Tear Strength 
In a normal tensile stress-strain test, the force to produce 
failure in a nominally flawless test piece is measured. However, 
in a tear test the force is not applied evenly but concentrated 
on a deliberate flaw or sharp discontinuity and the force to 
continuously produce a new surface is measured( 
124). This force 
to start or maintain tearing will depend on the geometry of the 
test piece and on the nature of the discontinuity, which may be a cut, 
notch or re-entrant angle. 
In this work, crescent test piece, as shown. in Figure 3.7, 
was used. 
45± 2mm,, 
Location of 
nick 
ö mE 
ýE 
68±1" mrn 
mm 
FIGURE 3.7: Crescent Test Piece 
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With this test piece, the force is in the plane of the test piece 
and parallel to its length. Using crescent test piece, the 
values obtained indicate the force required to propagate a nick 
already produced in the test piece. For short fibre-rubber compo- 
site the values give some indication of the bonding between the 
fibres and rubber matrix. Testing was carried out by using JJ 
Tensile Testing machine set at 500 mm/min. 
The following equation was used to calculate the tear 
strength (BS 903: Part A3: 1982). 
Tear strength =F t 
where: F= maximum force in kN 
t= thickness in mm of test piece 
The result was expressed in kN/m 
3.4.7 Heat Ageing Tests 
These tests are carried out for two distinct purposes. First, 
they can be intended to measure changes in the rubber at the 
elevated service temperature or secondly they can be used as an 
accelerated test to estimate the degree of-change which would take 
place over much longer times at normal ambient temperature. 
Although the degree to which accelerated tests are successful in 
predicting long term life at ambient temperature is highly debatable, 
nevertheless such tests are very widely used in-specifications as 
a quality control test. 
In this work, heat ageing tests were carried out in accordance 
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with BS 903: Part A19: 1975. The methods are also in line with 
methods adopted by Technical Committee ISO/TC 45 of ISO (Inter- 
national Standard Organisation). 
In this test, test pieces (depending on physical properties 
to be measured) were subjected to controlled deterioration by air 
at an elevated temperature and at atmospheric pressure in the 
absence of light, after which the physical properties were mea- 
sured and compared with those of unaged test pieces. The test 
pieces used were dumb-bell type and button for tensile testing 
and hardness respectively. In particular, method B (BS 903: 
Part A19) where an air oven in which there is a slow circulation 
of air was used in this test. The temperature of the oven was 
set at 70°C and test pieces were subjected to the temperature for 
a period of seven days. 
The following expression was used to calculate the percen- 
tage change in the property: 
Percentage change in property = 
A00 
x 100 
where A is the aged'value of the property, e. g. tensile strength, 
and 0 is the unaged value of the property. 
In the case of hardness measurements the change should be expres- 
sed as A-0. 
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3.4.8 Solvent Swelling Test 
The tests were carried out for two purposes: namely: 
1. The result gives a very good measure of the general resistance 
of a rubber or composite to a given liquid. A high degree of 
swelling clearly indicating the rubber/composite is not 
suitable for use in the environment. 
2. The degree of swelling can give a true measure of adhesion 
between short fibres and rubber. 
To achieve the two objectives above, two different experiments 
were carried out. They are described as follows: 
3.4.8.1 Solvent swelling resistance test 
The test was carried out in accordance with BS 903: Part A16: 
1971. In this composite test pieces of rectangular shape having 
dimensions of 38 mm long, 12.5 mm wide and 2.5 mm. thick were 
swollen in toluene for a period of one week at room temperature. 
Weights of test pieces before and after swelling were determined 
using an analytical balance. This gave the change in volume of the 
test pieces due to immersion in liquid and wap calculated using 
the following expression: 
Percentage change in volume 
[W3 - (W4 - W5)] - [Wl - (W2 - W5)] 
x 100% [Wl - (W2 - W5)] 
where Wl = Int; ai weight of test-piece in air; 
W2 = Initial weight of test piece in water; 
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W3 = Weight of test piece in air after immersion 
W4 = Weight of test piece in water after immersion 
W5 = Weight of sinker in water (W5 =0 if no sinker is used) 
Measurements of swollen and unswollen dimensions (length, 
width and thickness) were made by using Vernier scale micrometer. 
The dimensional changes of test pieces were calculated as follows: 
X- X 
Percentage change in dimension =°x 100 
0 
where Xo = initial value of a given dimension 
X= value of a given dimension after immersion 
3.4.8.2 Restricted equilibrium swelling 
Numerous techniques such as H block, strip adhesion, U, T, 
and many others, both static and dynamic in nature, have been 
used to measure adhesion betweeh fibres and rubber. However, these 
techniques are not suitable for measurement of adhesion between 
short fibres and rubber inside a composite because of the difficult 
nature of the test samples required. Due to this the technique 
called Restricted Equilibrium Swelling (RES), has been developed by 
the General Tyre and Rubber Company, Akron, Ohio as a means to 
measure the degree of adhesion between short fibres and rubber 
matrix. 
-The 'Restricted Equilibrium Swelling' is a technique based 
on the principle that the fibres, if bonded to rubber, are supposed 
to restrict the swelling of rubbers. The parameter Vr (restricted 
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volume) was used for a relative comparison. A highly bonded system 
would result in a higher restriction in swelling and consequently 
lowervalue of Vr. The parameter Vr was calculated as follows: 
Vr = 
VI VF 
where VI and VF are the volume fractions of rubber in the dry and 
swollen samples respectively. 
3.4.8.2.1 Test procedure 
The volume fraction of rubber in the dry state was determined 
by weighing the test specimens both in air and water. The diff- 
erence of the two weights gave volumes of the samples. From the 
base formulations, the amount of rubber present in the air weight 
of each specimen was calculated. 
-Dividing 
by the specific gravity 
of rubber (0.92), the volume of rubber present in dry specimen was 
determined. Knowing the volume of samples (rubber compound/compo- 
site) and the volume of rubber in dry state, VI was calculated 
using the following: 
_ 
Volume of rubber VI Volume of sample 
The dry specimen in cylindrical shape was then swollen in toluene 
at room temperature for a week to attain an equilibrium condition. 
It is important to note that the volume of toluene was at least 
15 times the volume of the test piece in accordance with BS 903: 
Part A16: 1971. Volumes of swollen samples were determined by the 
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toluene displacement method. The displaced volume of toluene was 
corrected for actual volumes of samples by multiplying them with 
0.866 (the S. G. of toluene). In this technique the volume of 
rubber in dry and swollen samples were assumed unchanged. The 
volume of swollen samples, and the volume of rubber in them, 
gave the volume fraction of rubber in swollen samples (VF): 
i. e. _V 
Volume of rubber 
F Volume of swollen sample 
ý 
-3.4.9 Water Absorption 
The test was carried out in accordance with ASTM D570-77. 
The test specimens, of 25 mm x 25 mm x 2.5 mm in dimension, were 
first conditioned by drying them in an oven for 24 hours at 50 ± 30C. 
They were then cooled in a dessicator, and weighed to the nearest 
0.001g. The dried conditioned specimens were placed in a container 
of distilled water maintained at room temperature and entirely 
immersed. At the end of a 24 hour period, the specimens were removed 
from the water one at, a time, all the surface water wiped off with 
a dry cloth, and then they, were immediately weighed to the nearest 
0.001 g.. 
To determine whether the composites contain any appreciable 
amount of water-soluble ingredients or not, the specimens after 
immersion were reconditioned for the same time and temperature 
as used in the original drying period. They were then cooled in a 
dessicator and reweighed. If the reconditioned weight is lower 
than the conditioned weight, the difference shall be considered as 
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water-soluble matter lost during the immersion test. 
Percentage increase in weight during immersion was calculated 
as follows: 
Increase in weight, %= 
Wet Wt - Conditioned Wt x 100 Conditioned t 
and percentage of soluble matter loss during immersion was 
calculated as follows: 
Soluble matter lost, %= 
Conditioned Wt - Reconditioned Wt x 100 Conditioned 
The water absorption value was taken as the sum of the 
increase in weight on immersion and of the weight of the water- 
soluble matter. 
3.4.10 Creep Test 
Creep is the increase in deformation with time under constant 
load. It is a method of investigating the long term effects of 
an applied stress on the rubber vulcanisate/composite. There are 
two distinct causes for the phenomena of creep, the-first is phy- 
sical and the second is chemical.. The physical effect is due to 
rubbers being viscoelastic, and the response of strain is not 
instantaneous but develops with time. The chemical effect is due 
to ageing of the rubber by oxidative chain scission or further 
crosslinking. However, in practice it is often difficult to 
distinguish between the two causes. Generally, physical effects 
are dominant at short times and both temperatures and chemical 
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effects were apparent at longer times and higher temperatures. 
In this work creep test was carried out based on BS 903: 
Part A15: 1958. The test piece used was the dumb-bell types 2 
having dimensions as shown in Figure 3.5. In order to follow the 
deformation with respect to time, the test piece was marked with 
two reference lines, using a marker, on its narrow part, equi- 
distant from its centre and at right angles to the longitudinal 
axis. 
The temperature of the test was set at 70 ± 2°C, using'a hot 
air oven and the test piece was allowed to deform under a constant 
stress of 6 MPa. The length between the two reference lines was 
then measured by means of a travelling microscope and noted over 
a period of time up to 168 hours (1 week). 
The value of creep expressed as the percentage of original 
length was calculated using the following formula: 
Lt L°x 
100 
0 
where Lt is the length after time 
,t and 
L0 is the original length. 
It should be noted that the expression above is different 
from the expression given in the BS 903: Part A15: 1958 (see below) 
for the calculation of creep value. The modification of the 
expression given in the British Standards mentioned above was 
considered necessary in order to compare the increase in deformation 
at constant stress between the rubber composites containing various 
levels of short fibres. This is because the formula given in the 
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above British Standards takes into account the increase in length 
after a 10 minute interval. Consider the formula: 
Creep %= 
L2 
_ýx 100 10 
where L2 = length after time t, Ll = length after 10 minutes and 
LO is the original length. If this formula was used, due to the fact 
that the creep value is dependent upon the length after 10 minutes, 
the relative creep that results between various rubber compound/ 
composites can be misleading. 
However, it should also be noted that the value of creep for 
other materials such as plastic and metal (which are stiffer than 
rubber) is normally calculated using the expression adopted here 
which omits the measurement of length after 10 minutes. 
3.4.11 Stress Relaxation (in Tension) 
Stress relaxation in tensions test was carried out using a 
Wallace extension stress relaxometer. This instrument consisted 
of a thermostatically controlled cast aluminium block heating unit 
having a series of circular chambers. Each chamber may be used in 
conjunction with a single stress relaxation unit. 
Samples, in the form of strips 4 mm wide, were die cut from 
moulded sheets with about 1 mm in thickness. Each sample, which was 
held at an elongation giving 100% stress on the chart, was connected 
to the end of a metal beam, and the whole assembly located in a heating 
chamber. The beam is pivoted at the other extreme, and the downward 
movement applied by the sample under stress is balanced by a spring 
13b 
arranged centrally above the beam. Any change in stress of the 
sample is automatically compensated by a change in the extension 
of the spring. A marker pencil attached directly to the spring is 
placed in contact with a drum chart rotating at a constant rate 
of -, a revolution every 12 hours. 
In this work the stress relaxometer was set to be operated 
in the continuous mode at a temperature of 700C and 1000C with 
air flowing through the chamber at a rate of 0.084 cu. mw/hour 
(3 . 
Cu-ft/hour). The stress relaxation measurement was recorded 
graphically on the Wallace stress relaxometer as a percentage of 
f 
decrease in the ratio of (where ft is the force at time t and 
0 
fo is the original force). 
3.4.12 Fatigue Life Determination' 
The test was carried out on a De Mattia-type machine as des- 
cribed in the BS 903: Part AlO and All: 1976. Two types of test 
piece were used in this test namely: the De Mattia Standard test 
piece with a moulded groove (see Figure 3.8) and a special test, 
piece in the form of rectangular strip of 10 mm width and 1 mm 
thickness (see Figure 3. -9). 
The De Mattla standard test piece, as shown in Figure 3.9, 
was used in a fixed strain (or stress) test where the test piece 
was clamped between the two opposing. grips (lower and upper grips) 
at a fixed distance (75 mm as specified in the British Standard). 
In this test, there was a difficulty in deciding the criteria 
to be used. This is due to the fact that a rubber composite behaves 
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FIGURE 3.9:: A Rectangular Strip Test Piece 
differently from that of a normal rubber vulcanisate. Therefore, 
the grading system as specified in the BS method was not used. 
Instead, a criteria which determines the number of cycles for the 
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crack to occur along the whole length of the groove was used. 
Due to the reasons mentioned above, another type of test 
piece, as mentioned earlier, i-e. a thin rectangular strip was 
also used. This test piece enables a test in tension with varying 
stress or strain to be carried out. For the determination of resis- 
tance to crack propagation a cut (or nick) of 2 mm length was deli- 
berately introduced in the middle portion of the sample through the 
thickness using a piercing tool as specified in the BS 903: 
Part All. A similar test piece was used for the determination of 
the resistance to fatigue deformation except that no cut was made 
on the test piece. 
Prior to testing, the test piece was clamped between the upper 
and lower grips while making sure that the cut was-midway between 
the two grips. The stress was varied by setting the grips maximum 
separation at various distances. These distances were calculated 
from the data based on the stress-strain curve of the test piece. 
To obtain any specific stress, a corresponding strain was taken and 
the maximum distance between the grips was set accordingly for a 
given composite. The test piece was then subjected to repeated 
flexing at 300, cycles/minute. For both tests the criterion used was 
the number of cycles to cause a complete failure (break) of the 
test piece, recorded as cycles to failure. 
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3.5 Bonding Criteria for Short Fibre-Rubber Composite 
Due to the nature of the composite, the degree of adhesion 
between short fibres and rubber cannot be directly measured by 
the normal physical bond rupture techniques for measuring the degree 
of adhesion between cord and rubber such-as H-block test, strip 
adhesion, T-test and others. Thus, a different technique has to be 
established in order to measure the degree of adhesion between 
short fibres and rubber in the composite. As mentioned earlier 
(Sect. 3.4.8.2) the technique known as 'Restricted Equilibrium 
Swelling' (RES) has been developed for this purpose. Therefore it 
was an objective of this part of the work to employ this technique 
and to try and establish it as a technique to measure the degree 
of adhesion between short fibres and rubber. It was also an 
objective of this part of the work to try and correlate the para- 
meter Vr, obtained in the RES technique with other physical proper- 
ties such as tensile strength, elongation at break, tear strength 
and yield stress. 
To achieve the objectives above, various types of bonding 
systems were utilised to observe their effect on the bonding between 
short fibres and rubber. The short fibres used was an established mate- 
rial of the cellulose type, produced and marketed by the Monsanto 
Company under the trade name of Santoweb V. 
3.5.1 Experimental Procedure 
Mixing of rubber compounds of formulation shown in Table 3.1 
was carried out on a two-roll mill of 850 cc capacity. Using the 
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optimum cure time (T95) obtained from the rheometer trace, mixes 
were cured on an electrically heated press at 150°C under a 
pressure of 0.5 ton per square inch. 
Physical testing of specimens were carried out on a JJ tensile 
tester in accordance with BS 903. For the swelling test, the RES 
technique was used. 
Details of mixings, moulding and testing procedures were des- 
cribed in the earlier part of this chapter. 
3.5.2 Results and Discussion 
Results of physical properties and RES values are shown in 
Table 3.1. 
The results of the RES test show that the value of Vr is the 
highest for gumstock (control compound). Addition of bonding systems 
was found not to affect, the value of Vr except for resorcinol- 
hexamethylenetetramine system (mix No 3). For composite containing 
short fibres but without any bonding system (mix No 2), the value of 
Vr is much lower than that of the gumstock. This shows that the 
fibres alone have some effects in restricting the swelling of the 
composite. Addition of bonding systems as expected reduced the 
value of Vr much further. Based on the value of Vr the effectiveness 
of bonding system which indicates the degree of bonding is in the 
following order: 
Recorcinol/HMT >, Resimene 3520 Resorcinol/HMT/silica 
> Urethane system 
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Similar observations were made in the case of tear strength i. e. 
Resorcinol/HMT > Resimene 3520 > Resorcinol/HMT/silica 
> Urethane and composite without bonding system 
Yield stress of the composites except for the ones without 
bonding system and the one containing urethane bonding system 
cannot be obtained because their stress-strain curve exhibits 
brittle characteristics with no yield point. Nevertheless when 
comparing the yield stress of composite without bonding system 
with urethane system, it shows that the latter is higher, which 
indicates that there was some form of bonding between the short 
fibres and rubber through urethane bonding system. No correlation 
was observed between the tensile strength of composites and their 
Vr values. However, elongation at break percentage shows consi- 
derable correlation with the Vr values of the composites, in that 
when comparing, between the composites without bonding system and 
containing urethane system with composites containing resorcinol/ 
HMT (RH), resorcinol/HMT/silica (HRH) and resimene 3520, the elon- 
gation, at break percentage of the latter was much lower i. e. is 
consistent with the lower values of Vr The result of elongation 
at break is considered tosupport the findings of Derringer 
(19) 
where he utilised the elongation at break percentage as an impor- 
tant parameter to follow adhesion development and determine 
the optimum adhesion between short glass fibres and rubber. 
Examination of SEM micrographs of the rubber/Santoweb composite 
indicates that in terms of rubber coverage of the fibres, the 
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resorcinil/HMT bonding system is the most effective for the bonding 
of cellulose short fibres and natural rubber (Figures 3.11 and 3.11_). 
Comparing the SEM micrographs (at magnification of x220 and 
x2200) between unbonded and bonded pull out surfaces of the rubber- 
Santoweb'D' composite, reveals that in the case of the unbonded 
composite (Figures 3.10('a) and (b)) the appearance of loose fibres 
on the pull-out surface can be clearly seen (Figure 3.10(a)). The 
lack of adhesion between a fibre and rubber matrix is particularly 
evident at higher magnification (X2200)where a big gap between the 
fibre and rubber matrix is observed (3.10(b)). In contrast, for 
bonded composites (with RH system), no loose fibres were observed 
at low magnification (Figure 3.11(a)). At higher magnification 
(x2200) (Figure 3.1T(b)), it can be clearly observed that the fibres 
are well covered by the rubber indicating that the adhesion between 
the fibres and rubber is good. 
3.5.3 Conclusion 
Based on the results obtained above, it was considered that, 
the value of Vr gave a good indication of the degree of adhesion 
and consequently the RES technique was proven to be a useful tool 
to measure the degree of adhesion between the short fibres and 
rubber. Therefore, this technique will be employed as the main 
technique to measure the degree of adhesion throughout this work. 
Physical properties value, in particular tear strength, yield 
stress and elongation at break percentage, were also considered 
useful to confirm the result of the RES technique because a certain 
degree of correlation was found to exist between these properties 
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FIGURE 3.10(a): Micrograph of pull-out surface of Santoweb '0' 
(cellulose fibres) in NR with no bonding system, 
showing (arrowed) loose fibres (bad bonding) 
(X220 magnification) 
.. r e ý 
ý" 
"ý.! 
_ 
ý 
FIGURE 3.10(b): Similar composite as above but taken at higher 
magnification (X2.2K) showing that a big gap (arrowed) 
between fibre and rubber occurs during breaking of speci- 
men indicating bad bonding 
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FIGURE 3.11(a): Micrographs of pull-out surface of Santoweb 'D' 
in NR with RH bonding system showing fibres still 
adhered to the rubber matrix (arrowed) after breaking 
of the specimen. (X220 magnification) 
FIGURE 3.11(b): Similar sample as above but taken at higher magnifi- 
cation (X2.2K), showing the fibres are well covered 
or adhered to rubber matrix (arrowed) indicating good 
bondina 
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and the Vr value. Further, the SEM technique i. e. by examination 
of the micrographs, could also be useful for comparison purposes 
between composites containing various bonding systems. 
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CHAPTER 4 
SELECTION OF BONDING AGENT AND OPTIMISATION 
4.1 Introduction 
Short fibres-rubber composite will. not perform satisfactorily 
in practice if there is inadequate adhesion between the fibres and 
rubber matrix. ' This is the reason why short fibres have not: ' 
-functioned well as? reinforcing materials for rubber, 
although they have 1_ong_ beew used as fillers in rubber. 
compounding. ' ° 
Satisfactory adhesion between fibres and matrix is necessary 
for the development of fibres-matrix interfacial shear stress 
through which load is transferred to the matrix(20). In plastic 
composites good adhesion is achieved by employing multifunctional 
silanes to chemically bond fibres, such as glass fibres to the 
polymer matrix. In the rubber industry, the common technique 
used is to pretreat the fibre surface by dipping it in rubber solu- 
tions or latices which may contain adhesion promoting agent, to coat 
the entire surface area followed by drying at elevated temperatures. 
These treated fibres are used as long filaments or chopped into 
short lengths to reinforce rubbers. 
Although the technique above works well it is considered 
lengthy and strict quality control is needed at each stage. This 
results in a high cost of material preparation process and conse- 
quently leads to a high cost selling price of the material. 
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It is against the background of the above that the current 
practice, in short fibre-rubber composite technology is to omit 
the early adhesive treatment technique of the fibres and substi- 
tute it with the 'in-situ or integral' bonding technique in which 
fibres and bonding agents are incorporated into the rubber com- 
pound as separate entities during the mixing process. By this 
technique adhesion between short fibres and rubber is achieved 
during the vulcanisation process of the compound. 
A typical example of this system is a tricomponent system 
consisting of resorcinol, hexamethylene tetramine and fine 
hydrated silica( 
19-21). This system has been found to bring about 
extremely good adhesion between most types of rubbers and most 
common fibres such as rayon, nylon and glass. 
4.2 Selection of Bonding Systems for Wood Cellulose Short Fibre 
Before considering various combinations of bonding systems 
to be investigated, it is appropriate to recall the chemical 
formula of wood cellulose which is shown in Chapter 2, Figure 2.2d. 
Cellulose reactions are essentially based on the presence of the 
three hydroxyl groups which are attached to a single glucose unit. 
All these three hydroxyl groups are considered available for reac- 
tion with other material. 
Bearing in mind the chemical formula of wood cellulose, the 
following bonding systems were investigated in order to select 
one system which offers the best adhesion between wood cellulose 
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short fibres and rubber: 
Integral bonding/coupling system investigated 
1. Cohedur RS/HMT (Bayer) 
2. Cohedur RS/HMT/Silica (Bayer) 
3. Cohedur RS/Cohedur A (Bayer) 
4. Cohedur RL (solution of resorcinol in (Bayer) 
Cohedur A in the 1: 1 ratio) 
5. Resimene 3520 (hexmethoxymelamine) (Monsanto) 
6. S169 (Silane) (De gussa) 
7. Z6062 (mercapto silane) (Dow Corning) 
8. Actasurf Pl (wetting agent) (AOCM Chemicals) 
Cohedur RS is a homogenous solidified melt consisting of 
resorcinol and stearic acid in the ratio of 2: 1. Cohedur A and 
HMT are formaldehyde donors in liquid and solid form respectively(125) 
This Cohedur system works through the formation of formaldehyde 
resin (a product of the reaction between the resorcinol and formal- 
dehyde donor) which reacts with both cellulose fibres and rubber. 
Resimene 3520 is a Monsanto trade name for hexamethoxymelamine 
which may work in a similar way as that of resin system produced 
by resorcinol and formaldehyde donor. This bonding system is 
recommended by Monsanto Ltd for their Santoweb cellulose fibres 
produced also by Monsanto Ltd(126). 
S169 is a coupling agent produced by Degussa. Its chemical 
name is: 
BIS-(3-[Triethoxysilyl]-propyl)-Tetrasulfane having 
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a chemical formula as follows: 
C2H5i C2H5 
C2H50 - Si - (CH2)3-S-S-S-S-(CH2)3 - Si - 0C2H5 
CHO 
v `v ÖCN 
25 25 
It is claimed that this material is highly reactive, whereby the 
exthoxy groups undergo a fast reaction with silanol groups, 
especially with those of synthetic silicas and natural fillers. 
The tetrasulfidic group takes part in the vulcanisation process 
to create a high crosslink density. The result of the above reac- 
tion in the rubber is to chemically bond the silica filler 
rubber(127). It was hoped that a chemical reaction of similar 
nature would take place between Si69 and wood cellulose fibres 
and also within the rubber to produce a chemical bonding of fibres 
to rubber. 
Z6062 is a mercaptofunctional silane supplied by Dow Corning 
Ltd(128) having a chemical formula as follows: 
(CH3O)3 Si(CH2)3SH 
It was hoped that the reactive methoxy group would react 
chemically with the hydroxyl group of cellulose fibres of woodpulps, 
and the mercapto group (-SH-) would react with rubber chain and 
thus produce a chemical coupling between cellulose fibres and rubber. 
i 
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Finally, Actasurf Pl is a fully neutralised salt of a long 
chain alkyd amine with oleic acid* supplied by AOCM Chemicals, 
Stalybridge, Cheshire(129). It is a cationic surface active agent 
used in coating industries. Amongst its applications are as 
grinding aids, corrosion resistance material and improved adhe- 
sion. The material is claimed to have outstanding characteristics 
of having the ability to be absorbed onto solid surfaces. It was 
hoped that Actasurf P1 would create some form of surface wetting 
on the surface of fibres to promote adhesion between the fibres 
and rubber. 
4.2.1 Curing System 
It has been known that the rate of adhesion development 
between fibres and rubber is dependent upon achieving an optimum 
cure condition. At a given temperature, the time to optimum 
adhesion increases with optimum cure time. This is due to the fact 
that longer time of curing allows more time for chemical reaction 
between bonding agents and fibres/rubber to take place. It follows 
that, a cure system which gives a longer curing time will give 
rise to a greater degree of adhesion. 
* Dioleic acid salt of 1,3-propylene diamine 
CH3(CH2)7-CH=CH-(CH2)7CO0-[NH-CH2H-NH-]OOC(CH2)7-CH=CH-(CH2)7 CH3 
CH 3. 
Jti, 
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Before deciding which accelerator to choose for this work, 
a preliminary investigation was carried out using the CBS/S 
and DCBS/S curing system. The properties obtained when using 
CBS/S and DCBS/S separately were compared (see Table 4.1). 
Based on the results obtained, it can be concluded that there 
was no advantage in using the DCBS/S system as compared with the 
CBS/S system. Because CBS/S has been the more widely used system 
industrially and gives shorter optimum cure time (less cost), 
it was selected to be utilised as the curing system for this 
work: 
4.2.2 Experimental Procedure 
Mixing of compounds/composites of formulation as shown in 
Tables 4.2,4.3,4.4 and 4.5 was carried out on a two-roll mill 
of 850 cc capacity. The detail of mixing and milling procedure 
has been described in Chapter 3 (Section 3.3.1). Mixes were cured 
on an electrically heated press at 150°C using the cure time 
obtained from the ODR trace. 
The vulcanisate properties were tested based on testing 
procedures as described in Chapter 3 (wherever applicable). 
4.2.3 Results and Discussion 
Results of this part of the work are shown in Tables 4.2, 
4.3,4.4 and 4.5, for properties of gum vulcanisates, black 
vulcanisates, non-black composites and black composites respectively. 
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TABLE 4.2: Formulation Used and Properties of Gum (Unfilled) Vulcanisates Containing Different Types of Bonding Agents 
Formulation Mix No. 
pphr 1 2 3 4 5 6 7 8 9 
NR (SMR 5) 100 100 100 100 100 100 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 2 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Cohedur RS - 3.5 3.5 3.5 - - 
HMT - 1.8 . . 1.8 
Vulkasil S - - 15 - 
Cohedur A - - - 2.5 - 
Cohedur RL - 5.5 
Resimene 3520 2 
S169 - - - - - - 2 - - 
Silane_Z6062 2 _ 
Actasurf Pl 
Properties 1 2 3 4 5 6 7 8 9 
Scorch time, ts2 7.0 3.5 7.0 7.0 8.5 7.0 7.5 3.5 3.5 
at 150°C (mins) 
Cure time (T95) at 15.0 17.0 21.0 26.5 28.0 20.0 19.0 21 0 12 5 150eC (mins) . . 
Maximum torque 22.5 26.5 33.5 23.0 23.5 26.0 24.0 13.0 14.5 (dN-m) 
Cure rate (dN. m/ 4.5 4.25 4.0 1.7 3.0 3.0 3.5 1.0 4.25 
min) 
(slope of steep 
region) 
Tensile strength 19.6 16.0 20.8 17.3 19.3 24.2 22.9 13.8 28.4 
MPa) 
Elongation at 775 575 625 725 725 675 725 675 690 
break (%) 
Tensile product '' 
152 92 130 125 140 163 166 93 196 (MPa x %) x 10' 
Modulus at 100% 0.82 1.02 1.38 0.82 0.86 1.08 0.81 0.83 1.1 (MPa) 
Tear strength 49.8 37.5 41.0 56.3 42.2 54.9 45.7 47 3 54 6 
(KNm-1) . . 
Hardness (IRHD) 35 40 46 36 36 40 36 36 41 
Compression set 45.2 " 39.1 36.4 36.4 42.0 52.2 38.9 34.7 41 6 @ 100°C for 24 . 
hrs (%) 
V F Vr ( -ý ) 0.7354 0.7122 0.7018 0.7523 0.7462 0.7277 0.7310 0.7395 0.7115 
Aged properties 
(70°C for 1 week) 
Tensile strength 12.6 13.8 13.6 13.4 15.2 15.8 1.9 2.2 16 0 QrIPa ) . 
Retention, % 64.3 86.3 65.4 77.5 78.8 65.3 8.3 15.9 66.1 
Elongation at 650 450 475 550 635 635 220 315 536 break (%) 
Retention, % 83.8 72.2 76 75.6 87.6 79.3 30 47 77.5 
Hardness (IRHD) 43 44 50 39 38 44 41 40 46 
Increment 8 4 4 3 2 4 5 4 5 
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TABLE 4.3: Formulation Used and Properties of Black Vulcanisates Containing Different Types of Bonding Agents 
Formulation Mix No 
pphr 1 2 3 4 5 6 7 8 9 
NR (SMR 5) 100 100 100 100 100 100 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 2 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Carbon Btack (HAF N330) 30 30 30 30 30 30 30 30 30 
Cohedur RS - 3.5 3.5 3.5 - - - 
HMT - 1.8 1.8 - - - - - - 
Vulkasil S - - 15 - 
Cohedur A - - - 2.5 - 
Cohedur RL - - - - 5.5 
Resimene 3520 - - - - - 2.0 - _ 
5169 - - - - - - 2.0 - - 
Silane Z6062 
- 2.0 - 
Actasurf P1 - - - - - - - - 2.0 
Properties 1 2 3 4 5 6 7 8 9 
Scorch time is 4.8 2.5 3.5 4.0 6.0 4.8 5.8 2.0 3 0 
at 150°C (minsf . 
Cure time (t95) at 14 15 22 28 28 21 19 13 13 150°C (mins) 
Maximum torque 31 43 49 39 37 37 33 34 37 (dN-m) 
Cure rate 5.5 8.5 5.5 2.5 3.5 4.8 4.0 5.5 6 0 (dN. m/min) . 
(slope of steep 
region) 
Tensile strength 26.1 21.4 19.8 17.3 15.8 26.8 28.8 25.6 30 4 (MPa) . 
Elongation break. 600 425 425 460 525 590 620 575 600 
(%) 
Tensile product 
(MPax%) x10 , ", 157 91 84 80 83 158 179 147 182 
Modulus at 100% 2.0 4.0 3.9 3.0 2.6 2.5 2.3 2 2 2 4 (MPa) . . 
Tear strength 
(KNm I) 
54.3 130.8 117.3 27.3 29.5 138 126.2 115 122 
Hardness (IRHO) 54 72 77 " 72 72 64 60 55 62 
Compression set 50 39.1 47.0 
. 
50.3 55.4 51.9 49.4 64 3 45 7 @ 100°C for . . 
24 hrs (%) 
V 
Vr im) 
I 
0.6661 0.6191 0.6327 0.6795 0.6794 0.6640 0.6696 0.6705 0.6391 
Aged properties 
(at 70°C for 1 week) 
Tensile strength 25.9 19.1 12.9 13.5 14.3 21.7 16.9 18.9 22 0 (MPa) . 
Retention (%) 99 79.9 65.2 77.9 90.4 80.9 58.7 64.5 72.5 
Elongation at 550 320 275 325 350 445 425 400 475 break (%) 
Retention (%) 91.7 75.3 64.9 70.7 66.7 75.4 68.5 " 6Q. 6 79.2 Hardness (IRHD) 58 77 83 79 77 70 66 60 67 
Increment 4 5 5 7 5 6 6 5 5 
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TABLE 4.4: Formulation Used and Properties of Non-Black Composites Containing Different Types of Bonding Agents 
T Formulation Mix No 
pphr 12345 pphr 12345 
NR (SMR 5) 100 100 100 100 100 100 100 100 100 
Zinc oxide 555555555 
Stearic acid 222222222 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Ground wood 28 28 28 28 28 28 28 28 28 
cellulose fibre 
Cohedur RS - 3.5 3.5 3.5 -- 
HMT - 1.8 1.8 - 
Vulkasil S-- 15 - 
Cohedur A--2.5 - 
Cohedur RL ----5.5 -- 
Resimene 3520 -----2.0 --- 
S169 ------2.0 -- 
Silane Z6062 -- - 2.0 - 
Actasurf Pl --------2.0 
Properties 123456789 
Scorch time ts2 at 7.5 3.5 6.0 11.0 9.0 6.0 7.0 3.0 3.0 150°C (mins) 
Cur time, t95 at 17.0 14.5 21.0 35.5 25.0 20.0 22.5 18.5 13.0 150 C (mins) 
Maximum torque 35.5 47.5 48.0 35.0 35.0 42.5 32.5 28.0 43.5 (dN. m) 
Cure rate 5.7 10.5 7.5 2.0 3.0 6.0 3.5 2.5 7.0 (dN. m/min) 
Tensile strength 10.1 10.1 11.7 9.3 10.3 10.0 7.8 7.0 12.5 (MPa) 
Elongation at 365 180 325 150 175 460 440 260 500 break (%) 
Tensile product 57 24 38 14 18 46 34 18 64 MPa x%) x 1di9' 
Modulus at 100% 4.4 8.2 5.7 7.2 7.8 4.7 4.1 3.9 4.7 (MPa) 
Yield stress 4.2 8.3 9.3 8.0 7.4 4.9 4.1 5.6 4.5 (MPa) 
Young's Modulus 4.7 7.0 6.6 6.3 5.2 4.0 3.7 4.2 7.6 (MPa) 
Tear strength 33.9 49.9 47 41 40 37.5 34.7 29.7 35.1 (KNm'1) 
Hardness (IRHD) 66 74 71 70 68 72 54 64 73 
Compre8sion set 36.8 53.1 37.0 51.7 61.3 60.7 60.5 35.2 52.3 
at 100 C for 
24 hrs (%) 
( 
YIp--F) 
0.6009 0.4822 0.5069 0.5322 0.5577 0.5217 0.5811 0.5746 0.5588 
Aged properties 
(at 70°C for 1 week) 
Tensile strength 7.1 8.2 12.2 10.2 9.4 7.2 6.1 5.8 6.6 (MPa) 
Retention (") 59.8 81.6 104 109 91.1 71.8 78.7 82.4 52.7 
Elongation at 390 220 215 100 130 150 175 135 325 break (%) 
Detention (") 82 92 66 67 74 33 40 51 56 
Hardness (1RHD) 70 78 77 74 71 77 69 65 76 
Increment 446435 
13 
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TABLE 4.5: Formulation Used and Properties of Black Composites Containing Different Types of Bonding Agents 
Formulation Mix No 
pphr 1 2 3 4 5 6 7 8 9 
NR (SMR 5) 100 100 100 100 100 100 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 2 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Ground wood 28 28 28 82 28 28 28 28 28 
cellulose fibres 
Carbon Mack 
(MAF N330) 
30 30 30 30 30 30 30 30 30 
Cohedur RS - 3.5 3.5 3.5 - - - - - 
HMT - 1.8 1.8 - - - - - - 
Vulkasil S - - 15 - - - - - - Cohedur A - - 
ý" 
- 2.5 - - - - - 
Cohedur RL - - - - 5.5 - - - 
Resimene 3520 - - - - - 2.0 - - - S169 - - - - - - 2.0 - - Silane Z6062 - - - - - - - 2.0 - Actasurf Pl - - - - - - - - 2.0 
Properties 1 2 3 4 5 6 7 8 9 
Scorchotime, ts2 5.0 3.5 4.5 6.0 6.3 5.5 6.0 1.8 2.5 
at 150 C(mins) 
Cure time. t95 at 18 15 21 37.5 27 21.5 20 9.3 10 
150°C (mins) 
Maximum torque 40.5 60 61 53 45 49 42 51 53 (dN-m) ' 
Cure rate 4.3 11 6.7 2.5 4.0 5.0 5.0 10 14 (dN-m/min) 
Tensile strength 10.8 12.8 12.0 13.0 13.1 11.4 11.9 13.6 14.8 (MPa) 
Elongation at 2130 125 90 75 90 350 390 315 400 
break (%) 
Tensile product, 
- 
43 22 11 10 12 40 46 43 59 (MPa x %) x 10 
Modulus at 100% 5.3 12.7 - - - 5.8 5.4 9.0 5.1 (MPa) 
Tear strength 39.1 54.5 44.8 49.3 45 45.1 42.5 53 5 43.9 
; KNm-1) . 
Young's Modulus 7.2 13 16 19.2 15.2 9 10.6 7.6 8.7 
(MPa) 
Yield stress 5.1 10.9 10.3 10.1 11.2 6.4 4.6 8.6 5.0 (MPa) 
Hardness (IRHD) 74 83 84 87 82 79 76 76 82 
Compression set 75.8 46.1 50.3 62.7 63.6 63.5 63.5 62.2 54.5 
at 100 C for 
24 hrs (%) 
V F Vr ( ý ) 0.5869 . 0.4411 0.4455 0.4436 0.4708 0.4851 0.4908 0.4801 0.512 
Aged properties 
(at 70°C for 1 week) 
Tensile strength 7.8 13 11.6 12.8 13.4 10.8 9.4 11.6 10.7 (MPa) 
Retention 72.2 101.6 96.6 98.4 102.3 94.4 79 85.3 72.3 
Elongation at 
' 
200 200 50 85 80 110 200 250 275 ') break ( 
Retention (ý) 50 86 57 87 89 31 51 79 67 
Hardness (IRHD) 81 88 90 90 88 86 83 80 84 
Increment 7 5 6 3 6 7 7 4 2 
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As the objective of this part of the work was to select one 
type of bonding system to bond the rubber matrix and wood cellu- 
lose short fibres, this discussion deals mainly with properties 
which were considered to give a good indication of the degree of 
adhesion. These properties are restricted equilibrium swelling 
(Vr) value, tear strength and probably yield stress as well. 
Other properties such as cure time, tensile strength, elongation 
at break, M300' Young's modulus and hardness are also discussed 
briefly. 
4.2.3.1 Restricted equilibrium swelling (RES) 
The results of this test as indicated by the value of Vr, 
shows the following: 
1. For gum vulcanisates the presence of bonding agents/coupling 
agents. with the exception of Cohedur A/RS system, Cohedur RL, 
Si69 and Z6062 silane, reduces the value of Vr slightly. 
Similar observation was also made in the case of the black 
vul cani sates. 
2. For both non-black and black composites, the presence of all 
types of bonding/coupling agent investigated reduces the 
value of Vr. It should be noted that, the difference in the 
value of Vr between composite with and without bonding agent 
which was considered significant is 0.040 units(64). Based {pUAol 
on the Vr value, the most effective bonding system was/to be 
the resorcinol/hexamethylenetetramine (RH) system, followed 
by the hydrated silica/resorcinol/hexamethylenetetramine (HRH) 
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system. It is noteworthy to mention that the presence of 
ground wood cellulose fibres alone (without any bonding 
, 
agent) also caused a reduction in the value of Vr to a 
certain degree as compared to the original gumstock (control) 
compound. 
4.2.3.2 Tear strength 
In gum vulcanisates, the presence of bonding/coupling agents 
did not affect the tear strength very much. However, in the case 
of black vulcanisates, only with the exception of Cohedur RS/A 
system and Cohedur RL system, was the tear strength value increa- 
sed drastically (> 100%) by the presence of bonding/coupling 
agents. 
Formation of a chemical bond between the rubber matrix and 
carbon black*, through the bonding coupling agent, could be a 
possible explanation for the above observation. A similar effect 
of bonding/coupling agent was observed in both non-black and . 
black composites containing wood-cellulose short fibres; the most 
effective was the resorcinol/HMT bonding system, which has caused 
an increase of about-40% in the tear strength for both non-black 
and black composites. 
4.2.3.3 Yield stress (or strength at yield) 
With the exception of Si69, the presence of bonding/coupling 
* The surface of carbon black contains active groups such as 
aldehyde, phenols and carboxylic acids which may react with 
the coupling agents. 
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agent increases the value of yield stress of both non-black and 
black composite containing wood-cellulose short fibres. Resor- 
cinol/HMT system was again observed to be one of the most effec- 
tive bonding systems. In both non-black and black composites 
containing wood-cellulose short fibres the increase of strength 
at yield caused by the presence of a resorcinol/HMT bonding 
system is about 100%. This result further substantiates that 
the strength at yield parameter can be a very useful tool for 
determining the degree of adhesion between short fibres and 
rubber matrix. 
The observation made'by Aziz(31) provides further support 
that the strength at yield parameter has some form of correlation 
with the extent of bonding. He observed that when the rubber- 
Kevlar* laminate was subjected to a ply adhesion test on a 
tensile testing machine, the resulting stress-strain curve 
exhibited two types of strength characteristic phenomena, namely: 
yield (point A) and ultimate tensile strength (point B), before 
the rubber matrix ruptures (see Figure 4.1). The strength at 
yield, according to Aziz, occurred when the bond between the 
fibres and rubber matrix ruptured. This is then followed by the 
elongation of the rubber matrix until its breaking points. He 
calculated the strength at yield using the following formula: ' 
Force needed to rupture the bond 
Yield strength - 
between fibres and rubber 
Cross sectional area of test piece 
* Kevla r is a polyaramid fibre 
Ib'l 
Yield strength 
Stress 
MPa 
Strain, % 
FIGURE 4.1: Stress-strain Curve of Rubber-Kevlar*Laminate 
*Kevlar is a polyaramid fibre 
4.2.3.4 Other properties 
Bonding/coupling agents were also found to affect scorch 
time and cure time of the rubber compound/composite. Depending 
on the particular rubber compound/composite, some of the bonding/ 
coupling agents caused a reduction but some others caused an 
increase in scorch and. cure times. For example, the resorcinol/ 
HMT (RH) system caused a reduction in scorch time for all the 
four rubber compound/composite studied. However, its effect on 
cure time is somewhat varied. For both gum and black vulcanisates, 
the presence of RH system decreased the cure time slightly, whereas 
for both non-black and black rubber composites containing wood 
cellulose short fibres a larger reduction in cure time was observed 
with the addition of an RH bonding system. The effect of the RH 
bonding system on ODR traces at 150°C for both non-black compound/ 
composite and black compound/composite are depicted in Figures 4.2 
and 4.3. 
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The effect of bonding/coupling agents on tensile strength 
is also dependent upon the rubber compound/composite, and the 
bonding agent itself. For both gum and black vulcanisates only 
Resimene 3520, Si69, and Actasurf P1 have positive effect in 
increasing the tensile strength. The rest of the bonding/coupling 
systems were observed to have negative effects. In non-black 
composites containing wood cellulose short fibres, with the 
exception of Actasurf P1, all other bonding/coupling did not 
increase the tensile strength. However, in black composites 
containing wood cellulose short fibres, all bonding/coupling 
systems caused an increase in tensile strength ranging from 5% 
with Resimene 3520 to 40% with Actasurf P1. The most interesting 
observation made, was the fact that Actasurf Pl, which has been 
used in the paint industry, was found to have a distinct effect 
in increasing the tensile strength of all the four compounds/ 
composites studied; for instance the tensile strength of gumstock 
was increased from 19.6 MPa to 28.4 MPa (about 45% increase) when 
Actasurf P1 was added to the compound. In general, elongation at 
break was found to reduce when bonding/coupling agent was added. 
Generally, M100 (modulus at 100%). Young's modulus and hard- 
ness were found to increase with the addition of bonding/coupling 
agents. 
Figure 4.4 shows an example of the effect of the bonding system 
on the stress-strain curve of both non-black and black composites 
containing wood-cellulose short fibres. RH system was chosen 
as an example of the bonding system used. Note the greater yield 
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1. Gumstock (unfilled) 
2. Black compound 
3. Gumstock + ground woodcellulose fibre 
4. Gumstock + ground woodcellulose fibre 
+ RH system 
5. Gumstock + carbon black + ground wood- 
cellulose fibre 
6. Gumstock + carbon black + ground wood- 
cellulose fibre + RH system 
100 200 300 400 5W bJU 0 
Strain, % 
FIGURE 4.4: The effect of RH system on stress-strain curve of short 
fibre-rubber composite 
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stress and steeper slope of curve (and modulus), of the composite 
containing the bonding system as compared to composite containing 
no bonding system. 
4.2.4 Bonding System Selected for Ground Wood Cellulose Fibre- 
NR Äähesion for Detailed Investigation 
il. 
Based. on the overall properties, andiparticular restricted 
equilibrium swelling (V r), 
tear strength yield stress, the tradi- 
tional resorcinol/HMT (RH) bonding system has been found to be 
most effective as an adhesion promoting. agent between wood- cellu- 
lose short fibres and natural rubber matrix. The next most, effec- 
tive system was observed to be the hydrated silica/resorcinol/HMT 
(HRH) bonding system at the expense of longer cure time. 
For the-reason mentioned above, the resorcinol/HMT system 
was selected to be the best bonding system for use with wood- cellu- 
lose short fibres. A'detailed investigation to study the effect of 
wood cellulose short fibres on rubber vulcanisates will be based, 
on this RH bonding system. 
168 
4.3 Optimization of the RH Bonding System for NR-Wood Cellulose 
Fibre Composite 
4.3.1 Introduction 
In the previous work the resorcinol/HMT (RH) system was 
found to be most effective as an adhesion promoting agent between 
wood cellulose short fibres and rubber. However, the level of 
combination of resorcinol and HMT used was preselected, based on 
data published in commercial technical literature for applications. 
This preselected level of resorcinol/HMT combination may or may 
not represent the optimum level with respect to certain proper- 
ties (Vr, tear strength and yield stress) which were regarded as 
the criteria for good bonding. Therefore, it was considered 
necessary to further investigate other levels of combination which 
would give better or optimum level of bonding properties. 
4.3.2 Design of Experiment 
As stated earlier, the objective of this part of the work was 
to obtain the best levels of combination of resorcinol and HMT 
(which are termed as independent variables) in order to maximise 
certain properties (which are termed as 'response' or dependent 
variables). To achieve this objective a 'Factorial Experimental 
Design' together with 'Multivariate Regression Analysis' were 
used. 
4.3.2.1 Factorial experimental design 
In a factorial experiment the effects of a number'of different 
factors are investigated simultaneously. The treatments consist of 
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all combinations that can be formed from the different factors(130). 
For instance in this work, to investigate the effect of different 
level-and combination of-resorcinol and HMT on the properties of 
rubber compound/composite, parameters resorcinol and HMT are usually 
called 'factors', while the values they take are called 'levels'. 
The involving experiments are called 'factorial experiments'. 
Detailed descriptions of these types of experiments and their 
applications can be found in various references (130-134). 
There are various reasons why the factorial experiments are 
more suitable than the 'one-parameter at a time' experiment when the 
effects of a number of, parameters have to be studied. Those reasons 
are listed and briefly explained as follows: 
a) The, number. of experimental points. can be greatly reduced 
by fractional replication, without affecting very much the 
reliability of results. 
b) Although they are unable to. explore fully a wide region in 
the same space, they can indicate major trends and so determine 
a promising direction for further experimentation. 
c) The factorial experiments facilitate the study of a particular 
phenomenon as a whole (i. e. phenomenon as affected by all the 
parameters), hence providing a better understanding of the 
phenomenon rather than just the effect of a single parameter 
on it. 
d) The observation made in this type of experiment can be treated 
in a different manner so as to separate the effect of individual 
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parameters from the interaction between parameters. , 
e) When a more thorough local exploration is needed, factorial 
experiments can be suitably augmented to form composite 
designs. 
f) When there are no interactions the factorial design gives the 
maximum efficiency in the estimation of the effects. When 
interactions exist, their nature being unknown, a factorial 
design is necessary to avoid misleading conclusions. 
g) In the factorial design the effect of a factor is estimated 
at several levels of the other factors, and the-conclusions 
hold over a wide range ofconditions. 
h) Empirical or theoretical'modelling can'be done with a higher 
reliability, provided most appropriate design of experiments 
are used. 
i) Factorial design of experiments can be extended to obtain a 
response surface and the optimum set of parameters can be 
determined to maximise or minimise the response accordingly. 
Having in mind that the response surface method is to be used' 
to obtain results in the form of contour graphs, the number of 
levels for each variable should be decided so that the resulting 
number of points is greater than the number of coefficients to be 
determined in the model. For example if the number of levels per 
variable, k is m, then the'number of experimental points which is 
given by mk should be greater than K+ PCp where p is the order of 
design. It can be shown that for all K and P the minimum value of 
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m to satisfy the condition will be P+1. Therefore, for a second 
order model at least three levels per variable are needed to 
evaluate the coefficient in the model. However, as the number 
of independent variables get larger, the number of experimental 
points needed in the factorial design grow excessively very large 
(see Figure 4.5). 
In this work a subclass of design called 'central composite 
rotatable design' was used. There are three main reasons why this 
type of design was chosen: 
1. The efficiency of the experiment can be increased i. e. the 
number of experimental points is minimised but still obtaining 
the same amount of data with a reasonable reliability. 
2. The property of rotatability is included so that all points 
at the same distance from the origin can be predictedwith 
the same reliability. 
3. Accuracy of the result is increased due to the wider range it 
covers as compared to say a full factorial design (see Figure 
4.6). 
Figure 4.6(a) and (b); over are examples of full factorial 
design with 2 factors and 3 levels, -and central composite design 
with 2 factors and 2 levels'respectively. In the case of the 
latter design, to the appropriate complete two-level factorial 
or fractional factorial (2K+1) supplementary points are added; one 
at the centre which is called a centre point and the remaining 2K 
in pairs along the coordinate axes at ±xc and ±yc respectively which 
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Number of independent variables (=k) 
FIGURE 4.5: Experimental points versus number of. independent 
variables for various types of experimental design 
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(a) Full factorial design (3k) (b) Central composite design 
(2k + 2K+1) 
FIGURE 4.6(a) and (b): Comparison between Full Factorial and 
Central Composite Design 
are called the star points (c denotes coded units). 
Note that the coordinates are written in coded units (not 
absolute); for instance in the case, of central composite design 
(Figure 4.2b), +'£ represent the highest value of the range, 0 
is the central value and -7 is the lowest value of the range. 
4.3.2.2 Mathematical model 
Data have no meaning in themselves; they are meaningful only 
in relation to a conceptual model of the phenomenon studied. Thus, 
a mathematical model has to be used in order to obtain a relation- 
ship between the independent variables and the response (dependent 
variables). In this work a mathematical model of empirical type 
was used. This model is useful in the circumstances where the 
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mechanism underlying a process is not understood sufficiently, to 
allow for an exact model to be postulated from the theory(131), 
The model specifies generalised mathematical relationships between 
the variables of a process by which it is controlled (the independent 
variable - in this case resorcinol and HMT) and measured properties 
of the product of such process (the dependent variables or responses). 
In such models, a flexible graduating function g (for example poly- 
nomial) will often be satisfactory to express the relationship 
between the response R and independent variables K (X1 - XK). 
In other words g is an adequate approximation of the true'relation- 
ship over the region of experimentation. The two most common forms 
of g are the first order polynomial: 
R= 80 + ßl X1 + ß2 X2 ..... 8K XK 
and the second order polynomial: 
R= 00+8I xI+ ß2R2 + ... 8KXK + 812X1 X2 + ß13 R1 X3 + 
... ßK-1, K X K-1 
+ß11X12 + ß22X22 + ßKK XK2 
where 6o is the zero order constant term, 61} BK are linear 
coefficients, 612 + BK-1, K are the interaction coefficients and 
611 . KK are the quadratic coefficient to be estimated by the 
experiments. 
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In this work a decision had to be made to choose either the 
first order or second order polynomial model equations. Based 
on the relationship between resorcinol or HMT and say, tensile 
strength property (which is the response) obtained by Aziz(31) 
where he showed that the relationship is in the form of a curve 
(not a straight line), the second order polynomial was chosen 
(all' 022' 031- ' 8KK are the coefficient terms or parameters 
that measure curvature) as an assumed mathematical model. 
4.3.2.3 Response surface designs 
Experimental designs to estimate parameters of a polynomial, 
to find combination of X's (independent variable) to produce a 
maximum or minimum for response Y, are called response surface 
designs. Details of the design and the calculations for multiple 
regression analysis can be found in various'references (130-133). 
Because the experiment deals with multiple variables and the data 
are subjectedAo-regression analysis to obtain surface response, 
it is called 'Multivariate regression analysis'. 
4.3.3 Experiment 
Three different types of rubber compounds as shown in Table 
4.6 , namely gumstock 
(non-black compound), black compound and 
black rubber-short fibres composites, were used in this experiment. 
All other ingredients except resorcinol (Cohedur RS) and HMT were 
fixed in their levels. The range of level of resorcinol and HMT 
used were between 1 to 7 pphr and between 1 to 5 pphr respectively. 
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TABLE 4.6: Formulation Used for Optimisation of HMT/Coh RS 
Combination 
Formulation Compound/Composite 
pphr 
Non-black Black Black 
Compound Compound Composite 
NR (SMR 5) 100 100 100 
Zinc oxide 5 5 5 
Stearic acid* 2 2 2 
Sulphur 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 
Dutrex R - 5 5 
Carbon black (HAF N330) -' 30 30 
Ground, wood cellulose - - 28.4 
fibres 
HMT varies (1-5) varies (1-5) varies (1-5) 
Cohedur RS varies (1-7) varies (1-7) varies (1-7) 
* Because, Coh RS also containsstea. ric acid, the level of stearic 
acid to be added varies accordingly, based on the level of 
Coh RS, but maintaining the level of 2 pphr in the formulations. 
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The exact level of combination used in each run (mix) was varied 
according to the design that had been chosen i. e. central composite 
design. Table 4.7- shows the experimental points (different combi- 
nations of resorcinol and HMT) used in this experiment with both 
actual values'and their respective coded values. 
4.3.4 Analysis of Data 
The data accruing from an experimental design as described 
earlier was analysed by multivariate regression analysis, using 
the least square method (see Appendix 2 for the method of calcu- 
lation). A statistical computer programme, which is available 
at the University, was used. The programme used i. e. GLIM (release 
3), issued by the Royal Statistical Society, London(136) is very 
useful because it takes much of the tediousness out of the 
regression analysis calculation, which otherwise had to be done 
by normal calculation. 
Knowing all the values of six coefficients'of the model equa- 
tion as obtained by the above technique, the next task was to plot 
the contour graphs. This was done by feeding all these coefficients 
into the 'GINOSURF' routines of the FORTRAN 1904 computer system 
available at the University. 
4.3.5 Results and Discussion 
Results of this part of the work are shown in Table 4.8 
(also in Appendix 3, sheet 1-17) and Figures 4.7 - 4.9. Table 4.8 
and Appendix 3 (sheet 1-19) give the results obtained from the GLIM 
(release) computer programme, while results in Figures 4.7 - 4.1 are 
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TABLE 4.7: Different Levels of Combination of Cohedur RS/HMT 
Levels of component Coordinates 
(X Y) , 1 P t i HMT Cohedur RS n o s 
actual ý coded actual coded (coded) 
A* 3' 0 7 VT (0, 2) 
B 1.6 -1 6.1 +1 (-l, +l) 
C* 1 -ý 4 0 (4Z, 0) 
D 1.6 -1 1.9 -1 (-1, -1) 
E* 3 0 1 -/ (0, -2) 
F 4.4 +1 1.9 -1 (+1, -1) 
G* 5 £ 4 0 (2,0) 
H 6.1 +1 4.4 +1 (+1, +1)' 
0** 3 0 4 0 (0,0) 
1. Refer to Figure 4.2b 
* Star points - double points are required 
** Centre points (double star point) - more than double points 
are required 
Note: For ordinary points (B, D, F and H) , three* repeated results 
were taken 
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TABLE 4.8:, - Adequacy of Model Fitting to Experimental Data 
Compounds Dependent Variance F-table Goodness Variable Ratio % Residuals plot of Fit (Vr/Vc) 
Gumstock T. S. 2.9 <5 randomly scattered adequate 
E. B. -1.0 >25 randomly scattered very good 
T. E. 5.28 <0.5 randomly scattered adequate 
H. A. <1 >25 randomly scattered very good 
M. O. 3.42 < 2.5 randomly scattered adequate 
Black T. S. <1 >25 randomly scattered very good 
compound E. B. <1 >25 randomly scattered very good 
T. E. <1 >25 randomly scattered very good 
H. A. 1.51 >25 randomly scattered very good 
M. O. <1 >25 randonly scattered very good 
Black T. S. 1.104 >25 randomly scattered very good 
composite E. B. <1 >25 randomly scattered very good 
T. E. 1.49 >25 randomly scattered very good 
Y. S. 1.163 >25 randomly scattered very good 
H. A. <1 >25 randomly scattered very good 
M. O. 2.36 >10 randomly scattered good 
Vr 5.61 < 0.5 randomly scattered adequate 
kEy . Tr. _ 
G . O. = 
TE 
! ý"A" - 
= Y-0 - 
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vr = 
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the contour graphs given by 'GINOSURF' routines of FORTRAN 1904 
computer programme. 
To discuss the results shown in Appendix 3(sheets 1-17), the 
nominated model equation is now considered: 
R=00+ ß1R1 + ß2X2 + 612X1X2 + ß11X12 + ß22R22 
where R is the response (properties), 
ß0 is the zero order constant (% GM in the print-out, 
ßl and ß2 are the linear coefficients of X1 and X2 respec- 
tively, 
ßl2 is the interaction coefficient, 
ßll and ß22 are the quadratic coefficient of X12 and X22 
respectively, and 
X1 and X2 represent HMT and Cohedur RS respectively. 
GLIM's computer system, based on the least squares method of 
regression analysis which gives the estimates of parameters 
ß0' ß19 ß2' ß129 ßl1 and ß22' 
These estimates of these parameters'can be substituted into the 
original model equation. For example in the case of tensile 
strength of gumstock, by substituting all the values (see sheet 1) 
the equation now becomes: 
27.79 + 0.1126X1 + 0.0654X2 + 1.15X1X2 - 2,62X12 - 1.106X22 
The interaction coefficient of 1.15 is quite significant in this 
case. Note that, to calculate the value of tensile strength 
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(response), the coded values of Xl and X2 must be used. 
How well does this estimated equation fit with the experi- 
mental data? The deviance referred to in Appendix 3 provides an 
indication of the adequacy of the model. The deviance is the 
sum of squares of residual s(131). This in turn is a measure of 
the departure of the model from perfect fit. If the model fitted 
each experimental observation perfectly, the deviance would be zero. 
However, the total quantity of deviance is made up of the contribu- 
tion from two sources. Firstly, the pure error (run to run varia- 
tion - within experimental points) and secondly, the lack of fit 
caused by the nominated model. This is where the replication at 
the centre points (see Table 4. '7) of the experimental design 
becomes so useful. Each of the response observations (Yn) at 
each level of variable was used in the-following equation: 
Ev (Yn - 7)2= SSc 
_ ---- -a- n-I 
where Y, is the mean value of the n observations at the centre 
point, n-1 is the degree of freedom, Vc is the variance due to 
pure error of the centre points, SSc is an estimate of the sum of 
squares due to pure error and d is the original degree of freedom. 
By subtracting the value of deviance from SSc, sum of squares 
of the residuals of the rest of the experimental points (the star 
and the factorial points) and the sum of squares due to lack of 
fit (SSr) is obtained. Then, by dividing the SSr by the balance of 
the degree of freedom left in the model, another estimate of 
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fitted the experimental data is only 0.5%. ofa the time. In other words, if 
variance (Vr) is obtained. 
If the model fits perfectly with experimental points, Vr/Vc 
ratio will be close to unity; since all residuals will be 
accounted for by run to'run error. Using the value Vr/Vc ratio, 
and F-table entering at 36 and 10 degree of freedom, a degree 
of confidence is obtained (see Table 4.8). This result tests 
how large the ratio of Vr/Vc has to be before it can be concluded 
that the model that the model does not fit-For example'if the ratio is 5.28, the- expectation 
- ._ __. .... ýýi 
A: 4-n n ro/ -Z 1L. t_-_ 
the ratio of 5.28 or greater was obtained, the chance of being 
correct (when postulating that the model has inadequate fit) is 
99.5%. 
Another method of checking the adequacy of fit estimates is 
by examining the residuals plots in Appendix 3. If the magnitude 
of residuals show very little deviation from the observed values 
and are randomly scattered about the fitted surface, the estimates 
are quite adequate (the model fitted). However, if the variation 
of residuals has a regular pattern, the fit is inadequate. 
The results in Table 4.8, show that overall (except for a 
few cases), the nominated model fitted well with the experimental 
points. From the results*of contour graphs (Figures 4.7 - 4.9) 
it can be concluded that, generally for all the three compounds 
(gumstock, black compound and black composites), the optimum level 
of HMT and Cohedur RS is 3 parts and 4 parts respectively (corres- 
ponding to coded values, 0,0). This optimum level was derived, 
based on physical properties for instance, tensile strength, tear 
strength and modulus at 100% in the case of gumstock and black compound, 
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FIGURE 4.7: Contour graphs of various properties of unfilled (gum) 
vulcanisate showing the effect of varying the level of 
Cohedur RS/HMT combinations (Y axis represents coded levels 
of Cohedur RS and Y axis represents coded level of HMT) 
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FIGURE 4.8: Contour graphs of various properties of black vulcanisate, 
showing the effect of varying the level of Cohedur RS/HMT 
combinations (Y axis represents coded levels of Cohedur RS 
and X axis represents coded levels of HMT) 
Kam: -Grey: EB % 
-Blue: M100 (MPa) 
----Blue: Tensile strength (MPa) 
-Red: Tear strength (kN) 
-Green: Hardness (IRHD) 
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FIGURE 4.9: Contour graphs of various properties of black composite, 
showing the effect of varying the level of Cohedur RS/HMT 
combinations. (Y axis represents the coded level of 
Cohedur RS and X axis represents the coded levels of HMT) 
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and tear strength, yield stress, restricted equilibrium swelling 
and also tensile strength and modulus at 100% in the case of 
black short-fibres-rubber composite. 
In the case of the black composite, the stress-strain curves 
obtained from the JJ machine were also taken into consideration 
(see Figure 4.10). It can be observed that the shape of the 
curves which determined the nature of breaking of the test 
specimen, differs with different levels of Cohedur RS (resorcinol)/ 
HMT combination (the strain rate was fixed at 500 mm/min). It was 
found that the level of Cohedur RS (resorcinol)/HMT combination 
of 4 parts and 3 parts respectively is the safest based on the 
nature of the tensile break which is in turn based on the shape 
of the curve. It is also interesting to compare the curves of 
composites containing the bonding system (curves 1-9) and without 
bonding system (curve 10). The yield stress and tensile stress at 
break of the later composite was observed to be much lower and the 
material stretched much more as compared to the composite contai- 
ning bonding system. The above observations confirmed that the 
Cohedur RS/HMT bonding system has a great effect in enhancing the 
strength of the short fibre rubber composite and the nature of 
breaking. It also confirmed that the yield stress can be used 
as one of the parameters to determine the degree of adhesion. 
In addition to using the desired properties as the basis of 
the optimisation process the cost factor was also considered. 
Remembering that the cost of HMT and Cohedur RS is quite considerable, 
the high level of combinations will inevitably increase the cost of 
the whole composite (see the later section on economics). 
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FIGURE 4.10: Stress-strain curves, showing the effect of varying 
the level of H9T/Cohedur RS combination on the rubber 
composite containing ground woodcellulose fibre 
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CHAPTER 5 
THE EFFECT OF FIBRE CONCENTRATION ON 
PROPERTIES OF RUBBER COMPOSITES' 
5.1 Introduction 
The effect of increasing loading of particulate fillers, 
reinforcing and inert types, on the strength of a rubber vulca- 
nisate has been well established 
(5'7 
. Figure 5.1 shows the 
effect of increasing the loading on inert filler, barytes on the 
tensile strength of a basic rubber vulcanisate. It can be seen 
that the tensile strength decreases with increasing loading of an 
inert filler. 
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FIGURE 5.1: Effect of increasing loadin of barytes on tensile 
strength of NR vulcanisate C5) 
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However, a different behaviour is observed when a reinforcing' 
filler such as HAF carbon black was used. This can be seen in 
Figure 5.2 which depicts the effect of increasing loading of HAF 
and FF black on the tensile strength of natural rubber and SBR 
compound. 
Carbon black loading 
(pphr) 
FIGURE 5.2: Dependence of tensile strength on carbon black 
loading 06) 
The fact that there is'an optimum loading indicates that 
there are two opposing factors in action when a reinforcing filler 
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such as carbon black is added. First, there is the increase in 
modulus and tensile strength, which is very much dependent on 
the particle size of the filler; small particles having a much 
greater effect than coarse ones. 
Secondly, the reduction in properties at higher loading 
is a simple dilution effect, merely due to a diminishing volume 
fraction of polymer in the composite. If there is not enough 
rubber matrix to hold filler particles together, strength rapidly 
approaches zero. 
The description above gives an interesting picture of what 
the two different types of particulate fillers can have on the 
properties of a rubber vulcanisate. Hence, it is appropriate and 
interesting to investigate in this work, the effect of increasing 
loading of woodcellulose short fibre', in particular, the mechanical 
type on the strength properties and also other basic properties of 
rubber-short fibre compositeswhich are considered essential for 
future application of this type of filler. 
5.2 Experimental 
The level of combination of Cohedur RS and HMT bonding system 
used in this experiment was based on the results obtained in the 
previous chapter; the weight ratio of Cohedur RS and HMT conside- 
red to be optimum for a fixed level of woodcellulose short fibres 
(mechanical type) was found to be 4: 3 (Cohedur RS: HMT). Since the 
amount of woodcellulose fibre used for the purpose of optimisation 
in the previous work was 28.3g (20% v/v of rubber), then the 
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overall ratio of the three components is woodcellulose fibre, 
28.3: Cohedur RS, 4: HMT, 3. In this part of the work, the above 
ratio of the components was maintained. The fibre concentrations 
were varied between 0% v/v of rubber to 60% v/v of rubber. 
Conversion of volume to weight of woodcellulose fibre in the 
formulation was calculated based on the apparent (or working) 
specific gravity of 1.31. This value of specific gravity was 
obtained by determining the specific gravity of composite contai- 
ning known weight of woodcellulose fibre and all ingredients 
present in it. Knowing the specific gravity of all other ingre- 
dients (except woodcellulose fibre), the specific gravity of the 
woodcellulose fibre was able to be calculated. 
Specimen preparation and testing of rubber compound/composites 
were in accordance with the procedures given in Chapter 3. The 
detail of formulation used in this work is shown in Table 5.1. 
5.2.1 Milling Behaviour 
A summary of milling behaviour as observed during the mixing 
procedure is shown in Table 5.2. As indicated, there was no 
difficulty experienced in mixing the woodcellulose fibre in rubber 
even up to 40% by volume (ti 60. pbw). However, difficulty in mixing 
started to occur when the concentration was increased to 50% v/v 
of rubber (72 pbw). At this point the mix started to sag slightly 
on the mill roll and the mix was significantly stiffer. When the 
loading was increased further to 60% v/v of rubber (85 pbw), the 
mix became excessively stiff and sagging increased to the extent 
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TABLE 5.1: Formulation used to evaluate the effect of fibre 
loading on the properttie of ru ber: composi_ e 
Formulation Mix No 
pphr 1 2 3 1, 4 5 6 ý7 8 
NR (SMR 5) 100 100 100 
f 100 100, 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 
Stearic acid(1) 2 1.67 1.33 0.66 ` - .- - ;- 
Permanax BL 1.5 1.5 1.5 1.5 1.5 1.5 : 1.5 1.5 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Carbon black 
(HAF N330) 15 15 15 15 15 15 15 15 
Woodcellulose(2) - 7.1 14.2 28.5 42.6 57.0 71.2 85.5 (5) (10) (20) (30) (40) ý(50) (60) 
0i1 (729 UK) 3 3 3 3 3 3 3 3 
HMT - 0.75 1.5 3 4.5 6 7.5 9 
Cohedur RS - 1.0 2.0 
f 
4 6.0 8 
, 
10 
, 
12 
1. Since Cohedur RS also contains stearic acid, the level of 
stearic acid used was adjusted but maintaining it as 2 pphr 
in the formulation. 
2. Figures in brackets () indicate the concentration in percen- 
tage volume of fibres/volume of rubber. 
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TABLE 5.2: Effect of fibre loading on milling behaviour of 
mix 
Fibre 
Loading 
% v/v 
Bagging 
or 
Sagging 
Tendency 
for 
Back Roll 
Sticks 
to 
Roll 
Sticky 
Stiff 
or 
Boarding 
0 No No Slightly No No 
5 No No No No No 
10 No No No No No 
20 No No. No No No- 
30 No No No No No 
40, No No No No No 
50 Slightly No No No Slightly 
60 Yes No No No Yes 
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that mixing became very difficult. This level (60% v/v) was 
probably the limit of processability of the woodcellulose fibre 
in rubber. 
5.3 Results and Discussion 
5.3.1 Processing and Curing Characteristics 
5.3.1.1 Mooney viscosity 
The results of Mooney viscosity measurement gives a good 
indication of processability of the mix. Generally, the higher 
the value of Mooney viscosity, the greater is the power or energy 
required to process the material for example, in the extrusion 
process. However, some caution should be used in relating Mooney 
viscosity to the behaviour of compounds in the extrusion or injec- 
tion moulding process because the shear rates encountered (extrusion: 
102-103 sec-1, injection moulding: 103-104 sec-1, milling: 10 -102 
sec-1 and compression moulding: 1-10 sec-1(124)) are much greater 
as compared to the shear rate of approximately 2 reciprocal 
seconds (sec-1) in the'case of Mooney viscometer which is normally 
(124) 
rotated at 2 rpm, 
The results shown in Table 5.3 and also Figure 5.3 indicate 
that the Mooney viscosity increases exponentially with increasing 
loading of woodcellulose short fibres. This is an expected result 
because the presence of short fibres increases the stiffness of 
uncured rubber composite which leads to greater resistance against 
the shearing action of the rotor of the Mooney viscometer. 
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FIGURE 5.3: Effect of Fibre Loading on Mooney Viscosity 
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TABLE 5.3: Influence of fibre concentration on processing and 
curing characteristics 
Properties 
Mooney visco- 
sity (ML+4) 
100 c 
ODR trace at 
Cure time t95 
(mins) 
Scorch time 
ts2 (mins) 
Tmax (dN-m), 
Tmin (dN-m) 
AT (max-min), 
Relative 
in crease* 
Cure rate 
(dN-m/min) 
0 
11 
K 
17 
6.3 
23 
2 
21 
3.46 5.66 
10 
15 
15.5 
3.5 
39.5 
3 
36.5 
0.74 
7.0 
20 
18 
(10 
16 
2.8 
53.5 
3 
50.5 
1.4 
8.0 
30 
22 
Arc)- 
14.5 
2.5 
68 
3.5 
64.5 
2.07 
10.5 
40 
30 
13.8 
2.5 
75 
3.5 
71 
2.4 
15.0 
50 
42 
(30 
15 
2.0 
116 
8 
108 
11.0 
I 
60 
L 
64 
Arc)--> 
2.0 
130 
11 
119 
14.0 
* Relative increase due to the addition of X unit of filler. 
It is expressed by: 
ATmax X) - ATmax(control) 
max(control) , 
Fibre loading (% v/v of rubber) 
ý 
5 
10 
16 
4.5 
33 
.. 
2 
31 
0.48 
Note: Direct comparison between the curing characteristic 
measured using 10 Arc and 3°Arc cannot be made in this 
work. 
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5.3.1.2 Curing characteristics 
The curing characteristic of rubber composite containing 
varying levels of woodcellulose short fibres is represented by 
the ODR trace at 1500C as depicted in Figure 5.4. Extracted 
values of various curing parameters are shown in Table 5.3. 
There is not much change observed in the optimum cure time 
up'to 20% v/v of fibre concentration. However, a significant 
reduction in cure time was observed when the fibre concentration 
was increased further to 30% volume or more. The reductions in the 
cure time could be due to the presence of hexamethylenetetramine 
used as one of the components of the bonding system rather than the 
presence of woodcellulose short fibre itself (the pH of 6.4 is not 
expected to influence the kinetics of crosslinking). This is because 
HMT may also act as a secondary accelerator in the system(138) 
besides its function as`a bonding agent. 
A more dramatic effect is observed in the reduction of scorch 
time with increasing fibre loading. The scorch time was reduced by 
more than half when the fibre loading was increased from 0% to 
40%. A graph of scorch time versus fibre loading is shown in 
Figure 5.5. 
The reduction in cure time could be an advantage or disadvan- 
tage depending on the final product to be made which dictates the 
processes involved. For instance, if a product requires only a 
direct moulding and curing, then the short cure time could be an 
advantage. However, if a product requires an extrusion or calen- 
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dering process at high temperature followed by a final curing, 
then the short scorch time and cure time may give rise to scorch 
problems. 
As can be observed in Figure 5.2, the maximum torque (Tmax) 
which represents the shear modulus 
(3) (which has a good agreement 
with tensile modulus 
(139)) increases with increasing fibre concen- 
tration. This is an expected observation since increasing the 
concentration of fibre increases the stiffness of the composite. 
Another parameter i. e. the relative increase of torque due to 
the addition of filler (fibres in this case) which may give a 
good indication of the effect of fibres on the rubber compound, 
was also found to increase with increasing fibre concentration. 
When this entity was plotted against the fibre concentration, a 
straight line was obtained (see Figure 5.6), which has a slope, 
aF of 0.045. It is worthwhile to mention that this parameter (the 
slope) has been used by others 
(5) to characterise the structure of 
fillers, in particular carbon black. 
The cure rate which was calculated by taking the slope of 
the strr'9ht" line portion of the. cure trace, was found to increase 
with respect to increasing loading of fibres. This also could be 
due to the presence of HMT or both bonding system and fibres. 
5.3.2 Tensile Stress-Strain Properties 
The effect of woodcellulose short fibres concentration on the 
stress-strain characteristics of rubber composites tested in the 
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FIGURE 5.5: Effect of Fibre Loading on Scorch Time at 1500C 
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longitudinal direction is shown in Figures 5.7(a) and (b). Note 
the scale of strain percentage used in both figures. For Figure 
5(a), the scale (range) of strain percentage is between 0% to 
700%, whereas for Figure 5.7(b), the range of strain percentage 
is between 0% to only 60%. If the curves in Figure 5.7(b) were 
to be fitted in the Figure 5.7(a), the shape of the curves would 
be entirely different. However, it was not possible to do this 
because the curves within the range of 0-100% strain will be too 
crowded together and there would then be difficulty in distingui- 
shing between the various curves. 
Figures 5.7(a) and (b) show the change in the stress-strain 
characteristic from a curve typical of rubber vulcanisate (0%) to 
a curve typical of a brittle plastic at 60% volume of woodcellu- 
lose short fibres. The most drastic change was observed between 
10% volume to 20% volume of fibres. It is also observed that at 
between 5% to about 30% volume of fibres, the occurrence of yield 
point can be easily identified; this is typical of very tough 
plastic materials(140) such as cellulose acetate or high impact 
polystyrene, although the actual stress and strain values may be 
different. 
The changes in the stress-strain behaviour of the material 
as observed above is of significant importance when deciding any 
of its future applications. 
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FIGURE 5.7(b): Stress-strain Characteristics of Rubber 
Composite Containing 20%-60% of woodcellulose Fibres 
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5.3.2.1 Tensile strength 
The tensile strength of a short-fibre-rubber composite 
measured in the longitudinal direction was found to be dependent 
on the concentration of short fibre (see Figure 5. $). The effect 
of concentration of woodcellulose short fibre on the tensile 
strength of the composite is significantly different from the 
effect of reinforcing particulate filler such as HAF black (see 
Figure 5.21, or non-reinforcing particulate filler such as 
barytes (see Figure 5.1). It is also very different from the 
effect observed in plastic material, say polycarbonate or nylon 
6,6 reinforced with glass fibres (see Figure 5.: 9)(11). In the 
case of glass fibre reinforced thermoplastics the following rule 
of mixture equation is applicable: 
Q =QfVf+vm (1 - Vf) 5.1 
where af =Efe and am = Eme (c being the strain level in the com- 
posite, Ef and Em are the Young's moduli of fibre and matrix res- 
pectively), and Vf is the fibre volume fraction. This relationship 
will hold until failure, which will occur at the failure strain 
of one of the phases. 
For rubber reinforced by short fibres, various research 
workers 
(12,21,23,25,67) 
who investigated various different types 
of short fibres such as aramid, nylon, carbon, glass and also 
cellulose fibres for reinforcement of many different types of 
rubbers such as natural rubber, SBR, EPDM, polychloroprene and 
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nitrile rubber, have observed a relationship between tensile 
strength and fibre loadings, typical to that in Figure 1.7 
(Chapter 1). An initial decrease in tensile strength at low 
fibre concentration, according to Krock and Broutman(142) is 
attributed to the insufficient number of fibres present to 
effectively restrain the elongation of the matrix so that the 
fibres are rapidly stressed to their fracture point. They went 
on to define the minimum'volume fraction, Vmin' as the minimum 
volume of fibres required, in order for the equation 5.1 to 
hold, and for the reinforcement of matrix to be effective. In 
general when the difference between yield stress (or stress 
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carried by the matrix at the fibre ultimate strain), and the 
ultimate tensile strength of the matrix is small, then the critical 
volume fraction is also insignificant (e. g. glass fibres reinforcing 
a resin matrix). 
The increase in tensile strength above the minimum point is 
due to the fact that, once enough fibres are used to sufficiently 
constrain the matrix, the addition of more fibres increases the 
strength of composite even to a level above the strength of the 
matrix rubber. The maximum point of the curve is attributed to 
processing difficulties arising from excessive fibre loadings, 
imperfections occur due to extremely high viscosities, poor flow 
characteristics, etc. 
The above account explains the reason for the reduction in 
tensile strength of a woodcellulose fibre-rubber composite with 
an RH bonding system at low fibre concentration (the minimum 
volume is observed to be 20%) and also for the increasing trend 
of tensile strength when woodcellulose fibre was further increa- 
sed above the minimum volume fraction. However, a peculiar feature 
of the curve in Figure 5.8 is observed; a slight increase in ten- 
sile strength at very much lower volume (5%) of the woodcellulose 
fibre than the minimum volume fraction, has still to be explained. 
A possible explanation for such behaviour could be due to the fact 
that at a very low volume concentration, the woodcellulose short 
fibre which is a ground type and has wide range of fibre length 
and diameter may act as a reinforcing particulate filler similar 
to the effect of HAF black in natural rubber (see Figure 5.2). 
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The effect of bonding system on the relationship between 
tensile and fibre loadings is also shown in Figure 5.8. It shows 
that at all fibre concentrations, with the exception of at 10% 
volume, the tensile strength of the'bonded composite is greater 
than the unbonded one. This observation clearly demonstrates the 
significance of bonding systems, in particular'the RH system. 
5.3.2.2 Elongation at break 
The dependence of elongation at break in the longitudinal 
direction on fibre concentration is depicted in Figure 5.10. The 
curve is of an exponential type following the mathematical equa- 
tion: t=C 
Derringer(21) has found that the following empirical equation 
was adequate for predicting the elongation at break of most types 
of short fibre-rubber composites: 
E= Eco + (Eo - E. ) exp (- fiVg) 5.2 
f 
where, E is elongation at break of composite, E» is limiting 
elongation at break of highly loaded compound, E0 is elongation 
at break of matrix compound and f and g are empirical parameters. 
Although no attempt was made to use the equation above in this 
work, it is suffice to mention that the graph obtained in this 
work (see Figure 5.10) is similar to that obtained by Derringer and 
a typical elongation at break versus fibre concentration curve, as 
obtained by others as well 
12 , 3,25). 
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The curve in Figure 5.10indicates a drastic reduction in 
elongation at break when woodcellulose fibre was added up to 20% 
v/v, beyond which the reduction is gradual and tends to level out 
to about 30% when the 40% v/v or more of fibre was added. The 
overall reduction in elongation at break % with increasing fibre 
concentration is due to the fact that the presence of fibres 
restricts the'elongation of the composite matrix. 
5.3.2.3 Yield stress 
Yield stress increases with increasing fibre concentration 
up to 20-30% v/v limit, beyond which the value levels out (see 
Figure 5.11). As it can be seen there is a sharp increase of yield 
stress when fibre concentration was increased from 0% v/v to 20% v/v. 
The occurrence of 'limit point' at around 20-30% v/v of fibre con- 
centration is rather an interesting observation. This is due to 
the fact that three other properties that were dealt with earlier 
i. e. Mooney viscosity, tensile strength and elongation at break 
gave a similar picture. Mooney viscosity increases only gradually 
up to a fibre concentration of 20-30% v/v, beyond which the 
increment was drastic. Tensile strength graph shows a drastic 
reduction up to fibre loading of 20% v/v, beyond which it started 
to increase. While elongation at break decreases sharply from 
700% to about 90% when fibre loading was increased from 0% to' 
20% v/v, beyond which the reduction was very gradual and then 
levelled out. 
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5.3.3 Tear Strength 
'Tearing' is a general to nn used for any type of strength 
failure or rupture of rubber. Although the failure in a tensile 
test is not usually thought of as a tear and there is no necessary 
correlation between measured tensile strength and tear strength 
values, tensile rupture is actually a special case of tearing. 
This is due to the fact that although the controlled conditions 
of stressing are unique, the underlying mechanisms of failure 
are made the same. Tearing is generally distinguished from the 
tensile test failure by its obvious association with large stress 
gradients, but as a matter of, fact, there will always be local 
stress concentration in a, tensile test specimen, notwithstanding 
that the applied stress is presumed to be uniform(9). Aside 
from the unavoidable surface flaws and edge nicks of the tensile 
test specimen, complex internal localised stress fields will 
occur around the filler particles and their agglomerates in 
reinforced elastomers, so that the initiation of tensile rupture 
is undoubtedly similar to that of an ordinary tear but on a 
smaller scale. The detail of mechanism of tearing is given in 
(9), 
Kraus 
The following discussion deals with the effect of woodcellu 
lose short fibres on the tear strength of a rubber composite. As 
shown in Figure 5.12, the value tear strength in the longitudinal 
direction varies with increasing concentration of woodcellulose 
fibre. There is a drastic increase of tear strength (> 100% 
increase) when the concentration was increased from 0% to 50% v/v 
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Although the extent of increment is much greater than that 
observed in the case of tensile strength, identical sorts of 
effects of woodcellulose fibre at low, concentration would 
probably have taken place. After that drastic rise, increasing 
the fibre concentration to 10% v/v caused a reduction of tear 
strength by about 50%, but still much greater than the initial 
value for 0% v/v, of fibre. However, this minimum point occurs 
at different fibre concentrations from that of tensile strength. 
Further increase of fibre concentration beyond 10% v/v saw a 
steady rise of the value of tear strength. As in the case of 
tensile strength no maximum was reached because beyond 60% v/v 
the mixing became very difficult if not impossible. The 60% v/v 
of woodcellulose fibre is considered as a limit of processability. 
The increase in tear strength at low fibre concentrationris 
rather peculiar; . observation made 
by others indicated a 
varied effect. O'Connor 
(23) 
and Rahman(67) observed a reduction 
of value at 5% to 10% volume of cellulose fibres in NR and EPDM 
rubber respectively; beyond which. the value started. to increase; 
however, no explanation was given by both workers for such behaviour. 
While Aziz(31) observed a steady increase in the tear strength value 
with increasing loading of Kevlar (polyaramid) short fibres in NR 
up to 30% volume; beyond which it started to level out. Accor- 
ding to Aziz, this is due to the higher energy of rupture required 
with increasing fibre volume. 
As explained_earl i, er in the case of tensile strength, the 
increase of strength at low volume concentration of woodcellulose 
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fibres may be due to the short fibres behaving like a reinforcing 
particulate filler rather than fibres. This explanation may also 
be applied for tear strength. Areduction of tear resistance 
at 10% v/v of fibre may be due to the effect of short fibres, 
but the level of fibres is insufficient to effectively constrain 
the matrix and consequently a lower tear strength results. The 
increase in tear resistance above the minimum point may be ascri- 
bed to the following: once enough fibres are present to suffi- 
ciently, constrain the matrix,, the addition of more fibres increa- 
ses the tear resistance because more energy was required to tear 
the composite when the amount of fibre was increased. 
Although there. is a reduction of tear resistance between 
5% to 10% of fibre volume, the minimum value of tear strength at 
10% fibre volume is still much greater than that in the controlled 
rubber compound containing no fibre. This result indicates that 
for all fibre volume concentrations there is an improvement in 
tear resistance. In other words, if tear strength was to be 
considered as a reinforcement criteria, then the woodcellulose 
short fibres can be considered as a reinforcing filler for natural 
rubber. 
The effect of bonding system on the tear strength is also 
shown in Figure 5.12. It shows that at all fibre levels, the 
value of tear strength of composite with RH bonding system is 
always greater than composite without bonding system. This obser- 
vation further confiriis that the RH bonding system is an effective 
bonding system for improvement of strength of the composite 
studied. 
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5.3.4 Hardness 
It is observed that the hardness of woodcellulose'fibre- 
filled BR composites increases sharply when the fibres volume 
concentration was increased from 0% to 20%. Increasing the fibre 
concentration further (30% and above) produced only a small 
increase-in hardness (see Figure 5.13). A similar observation 
was also made by Aziz(31) with Kevlar short fibres in NR. He also 
found that the approximate equilibrium level is about 30% volume 
concentration. Others 
(12) 
reported a similar effect but the 
equilibrium level was much lower (7 to 10% volume). 
The effect of woodcellulose short fibres on the hardness of 
a rubber composite is as expected because the addition of short 
fibres increases the stiffness or modulus at low strain of the 
rubber composite and consequently this rubber becomes less elastic. 
Since hardness measurement is a simple way of obtaining a measure 
of elastic modulus of rubber*, it is observed that the greater 
the modulus of rubber resulted from the increasing addition of 
ground woodcellulose fibre, gives rise to a greater (or increa- 
sing) resistance of the rubber composite towards the penetration 
of rigid indentor. 
* Measured by determining its resistance to rigid indentor to 
which a force is applied. Indentation involves deformation 
in tension, shear and compression. The greater resistance of 
rubber composite towards rigid indentor is registered as high 
hardness value on the hardness meter and vice-versa. 
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5.3.5 Young's Modulus 
The dependence of Young's modulus on fibre concentration is 
depicted in Figure 5.14. It increases exponentially with increa- 
sing fibre concentration. The theoretical (or predicted) curve 
of Young's modulus versus fibre volume concentration shown in 
Figure 5.12 was obtained by using the following equation as 
proposed by Derringer 
(21): 
G= Go -1+ exp (avb) 
where: G= Young's modulus of composite 
Go = Young's modulus of matrix composite. 
V= volume concentration of short fibres; cm3/100g of 
rubber 
and a and b are empirical parameters which are dependent upon 
aspect ratio, fibre orientation and other processing 
parameters. 
The values of a and b were obtained by substituting the experi- 
mental data into the equation above and solved simultaneously. 
The values of a and b were found to be 4.0318 and 0.2070 respectively. 
(Derringer obtained the value of a=4.92 and b=0.163 for a glass 
fibre-polychloroprene rubber composite). 
Knowing the value of Go and also v, the theoretical Young's 
modulus of composite, G for various fibre concentrations was then 
calculated, -and the graph plotted was compared with the experimental 
curve (see Figure 5.14). 
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The experimental and theoretical curves of Young's modulus 
versus volume concentration of fibres show good correlation up 
to fibre loading of 30% v/v; beyond which increasing divergence 
occurred. At a fibre volume concentration of 30% and above, it is 
observed that the theoretical value is always greater than the 
experimental value; although the difference is quite small. 
This may be due to various possible reasons namely: 
a) Processing difficulty 
At high fibre volume concentration the processing or mixing 
of fibres in the rubber matrix became very difficult. This 
consequently leads to poor dispersion of fibres in the mix. 
The extent of processing difficulty increases with increasing 
fibre concentration. 
b) Fibre breakage 
As the volume concentration of fibre increases, the viscosity 
of the mix increases, as shown in Figure 5.1. The increase in 
viscosity would result in greater shearing stresses transmitted 
onto the mix during a two-roll mill. mixing process. As a conse- 
quence, the extent of fibre breakage was expected to be greater 
at higher fibre concentration. This resulted in a lower L/D 
( length ) ratio of the fibre. As Young's modulus is also lameter 
dependent upon the aspect'ratio of fibre (see Figure 1.5), the 
greater extent. of fibre breakage which was considered to occur 
due to the high-viscosity of the mix, should result in a lower 
value of experimental Young's modulus than that predicted by the 
theoretical equation. 
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The observation made with respect to the deviation of 
experimental points from the theoretical points at fibre volume 
concentrations higher than 30% can be correlated with the Mooney 
viscosity-fibre volume concentration curve (see Figure 5.3). 
A small increase in Mooney viscosity from 0% to 30% v/v fibre 
volume concentration corresponds to a good correlation that 
exists between theoretical and experimental Young's modulus 
within this region, while a sharp increase in Mooney viscosity 
when fibre concentration was further increased to 40% or more, 
corresponds well to the increasing divergence that occurred 
between experimental and theoretical Young's modulus. 
5.3.6 Resistance to Solvent Swelling 
It has been known that the presence of short fibres improves 
the swelling resistance of a rubber vulcanisate. The degree of 
improvement was found to--be dependent on both the concentration 
of short fibres and also the direction of fibre orientation (see 
Figure 5.15). In both longitudinal (00) and transverse (900) 
directions, a sharp improvement (lower percentage change in dimen- 
sions) was observed when 5% to 20% of fibre volume concentration 
was added. Further addition of short fibres improved the swelling 
resistance of the composite in toluene only slightly especially 
in the region above 20% volume concentration. A similar effect 
was also observed when the percentage volume change due to 
swelling was plotted against fibre volume concentration (see 
Figure 5.16). 
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The interception between the curve for longitudinal direc- 
tion and transverse direction (Figure 5.15) is due to the fact 
that at low fibre volume concentration, orientation of fibres 
was not achieved because the mix viscosity was too low. As a 
result swelling restrictions in the longitudinal direction (or 
direction of fibre orientation) was not improved. Greater 
improvement in swelling resistance in the longitudinal direction 
(considered to be the direction of fibre orientation) after 5% 
or more volume concentration of fibre was added as compared to 
the transverse direction, demonstrates that the swelling of 
composite was anisotropic; the composite swells to the greatest 
extent in directions perpendicular or transverse to the fibre 
direction. It is also worthwhile to note here that, for rubber 
vulcanisate containing no short fibres (0% v/v), the percentage 
increase in dimension in all the three directions were found to 
be identical. The values obtained were 65.1%, 65.7% and 65.7% 
for longitudinal (y), transverse (x) and thickness, normal to 
curing platen, (z), directions respectively. This indicates that 
the swelling of rubber vulcanisate without fibres were isotropic 
and not anisotropic, although"there is a slight orientation (or 
grain) effect observed in the longitudinal direction, probably 
due to flow during the moulding process. 
5.3.6.1 Geometry of swelling 
Assuming that a certain degree of fibre orientation in the 
longitudinal direction (y-direction) was achieved (this is quite 
a reasonable assumption since the previous result indicates that 
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swelling is the least in this direction), swelling geometry can 
be represented by Figure 5.17 below: 
Unswollen 
specimen 
outline 
.v 
r Fibre direction of orientation 
XS 
.ý 
Swollen specimen 
outline 
FIGURE 5.17:, Swelling geometry of unidirectional rubber composites 
Figure 5.17 is a representation of a unidirectional composite 
specimen before (solid lines) and after (dotted lines) swelling. 
The length of the line to taken at an angle a with fibre direction 
of orientation grows during swelling to a length, ts. It follows 
that, if: 
xs/xo = aT 
ys/yo aL 
and RS/Zo ae 
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Then: ae = [(aT2 - aL 2) sin2e + aL2]1 5.4 
where: aT, aL and ae are swelling ratio in transverse, longi- 
tudinal and diagonal directions respectively. Knowing the value 
aT and aL as obtained in the previous experiment, the value of ae 
can be calculated. A plot of ae2 against singe from the above 
equation should give a straight line of slope, aT2- aL 2, and 
intercept at aL2. Figure 5.18 depicts such a plot using the 
data in Table 5.4. As expected a straight line graph was obtained 
showing that at any given fibre concentration, the linear swelling 
deformation (ae) is directly proportional to the orientation angle 
of the fibres in the matrix; the maximum being at 900 angle or 
transverse direction of orientation. The graph in Figure 5.18 
also shows that at any given angle of orientation, the linear 
swelling decreases with increasing fibre concentration. This is 
ascribed to the greater restriction against swelling at high fibre 
concentration. 
Comparing the slope obtained from the straight line graph 
and experimental values (aT2 - aL2), ' indicates that at all levels 
of fibre concentrations the difference is very small especially 
at high fibre concentration (at 40% only 0.001). While the inter- 
cept was the same as the experimental value at all fibre concentra- 
tions studied. This result suggests that equation 5.4 is a 
reasonable description of swelling anisotropy. It should also be 
noted that the intercept and slope decreases with increasing fibre 
concentration. This is attributed to the fact that increasing fibre 
227 
TABLE 5.4: Swelling resistance for various fibre orientations 
Fibre 
Concentra- a z aT2 
Orien- 
tation Sin2e aez a0 Slope Inter- t tion % v/v 
L ngle cep 
e0 
0 0 1.115 1.056 
15 0.067 1.130 1.063 
30 0.250 1.172 1.093 
10 1.115 1.343 45 0.500 1.229 1.109 0.25 1.115 
60 0.750 1.286 1.134 
75 0.933 1.328 1.152 
90 1.000 1.313 1.159 
0 0 1.092 1.045 
15 0.067 1.105 1.051 
30 0.250 1.140 1.067 
20 1.092 1.283 45 0.500 1.187 1.090 0.186 1.092 
60 0.750 1.234 1.111 
75 0.933 1.270 1.127 
90 1.000 1.283 1.133 
0 0 1.043 1.021 
15 0.067 1.054 1.027 
30 0.250 1.585 1.042 
30 1.043 1.212 45 0.500 1.128 1.062 0.176 1.043 
60 0.750 1.170 1.082 
75 0.937 1.202 1.096 
90 1.000 1.2125 1.1011 
0 0 1.014 1.007 
15 0.067 1.026 1.013 
30 0.250 1.057 1.020 
40 1.014 1.185 45 0.500 1.099 1.048 0.172 1.014 
60 0.750 1.142 1.069 
75 10.433 1.173 1.083. 
I 
90 1.000 
4 
1.185 1.088. 
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concentration reduces the swelling deformation of the composite 
in both longitudinal (0 = 00; i. e. aL2 in the equation) and 
transverse (e = 900; i. e. aTz) directions. 
5.3.7 Anisotropy 
Anisotropic behaviour of short fibres-rubber composites was 
not only observed in liquid swelling, but also in other properties 
as well. Results in Table 5.5 show the effect of testing directions 
(or orientation) on the stress-strain properties of composites for 
various fibre concentrations. Tensile strength tested in the 
longitudinal direction (along fibres direction), with the exception 
of composites containing 5% v/v of fibres, was found to be greater 
than that tested in the transverse direction. The possible reason 
for the greater tensile strength in the transverse direction of 
composite containing 5% v/v of fibres, could be that the orien- 
tation of short fibres was not achieved at low fibre concentration 
due to low compound viscosity. A similar effect was also observed 
in swelling results where at 5% v/v the percentage increase in 
dimension in the longitudinal direction was greater than that in 
the transverse direction. 
Young's modulus of composites measured in the direction of 
fibre orientation was found to be greater than the value measured 
in the transverse direction for all levels of fibre concentrations 
(also see Figure 5.14); although the difference at 5% v/v of 
fibres is marginal, due to lack of fibre orientation at this level 
of concentration. 
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TABLE 5.5: Effect of direction of fibre orientation on composite 
properties 
tieser 
Longitudinal direction (0° Transverse direction (90°) 
C ° C t C 
4-3 ý-. >0 
C) ý 
r- Q1ý 
0Y 
.- to VN (A 
G) ý 
ý Q1, 
0- 
r" f0 NN 
S.. \ 
4-) > 
". - C f0 
N (1) a- 
+) (1) . -ý (OS-ý 
-7ý 
Q)r- f0 
"r" C f0 
N C) G. 
4-) G) 
fß S_ ý 
-ý^ 01r- f0 
C Cý C1 CO v Cý Q. C S- X Q) CO ä`e C7 - C)3-0 
f>v 
C)+) .0 
F-N 0 ý v 
C)+j .. ý 
F- N 
C ... 
4-3 C 
Og =5 
v C 
f0 
ý 
r - CO } "= 
C) {yý W 
U 
0 18.4 700 1.8 - - - 
5 18.6 490 3.5 22.6 480 2.8 
10 13.9 305 7.0 14.8 330 5.7 
20 9.7 60 16.0 8.9 75 11.7 
30 13.0 40 26.5 12.5 50 21.5 
50 15.8 25 65.9 11.3 32 47.1 
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Elongation at break percentage of composites was also 
observed to be dependent on the direction of fibre orientation. 
Again, with the exception of composite containing 5% v/v of 
fibres, the elongation at break, percentage was found to be higher 
in the transverse direction than in the longitudinal direction. 
This is due to lower stiffness of composite in the transverse 
direction because the effect of the matrix is dominant in this 
direction. 
Micrographs indicating the direction of fibre orientation of 
cut surface of NR composite containing 20% by volume of ground- 
woodcellulose short fibres are shown in Figure 5.19(a) and (b). 
It should be noted that the specimen was cut along the machine 
direction (longitudinal direction). Although most of the fibres 
are covered by the rubber, the general trend of fibre orientation, 
as shown by the wavy surface, indicates that the majority of fibres 
are orientated along the direction as shown by the arrow. This 
observation confirms the result obtained by the physical proper- 
ties determined earlier. 
5.3.8 Time-Dependent Properties 
5.3.8.1 Compression set 
The effect of woodcellulose fibre on the compression set 
property of the rubber composite is depicted in Figure 5.20. 
Based on the graph obtained, it is found that the compression 
set percentage increases linearly with increasing fibre concen- 
tration. The increase of compression set percentage due to the 
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FIGURE 5.19(b): Magnification x180 
FIGURE 5.19(a) and (b): Micrographs of Cut Surface of NR Composite 
Consisting of 20% by Volume of Ground 
Woodcellulose Short Fibres, showing the 
Direction of Fibre Orientation (arrowed) 
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FIGURE 5.20: The Effect of Fibre Concentration on 
Compression Set of Rubber Composite 
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presence of woodcellulose fibres can be explained as follows: 
Compression set percentage is a measure of ability of rubber 
vulcanisate/composite to recover its thickness after constant 
stress/or strain is applied onto it for a period of time and 
then removed. For a constant strain measurement of compression 
set (as it was used in this work), the calculation of compression 
set was done using the following formula: 
Compression set, %= 
tt 
_x 100 
0s 
where to = original thickness 
tr = final thickness, and 
is = thickness of spacer 
Taking the denominator term to be constant, the value of 
compression set percentage depends entirely on the numerator 
term which in turn depends on the value of tr (dependent on the 
extent of recovery). In other words the greater the value of tr 
(greater extent of recovery) the smaller is the value the com- 
pression set becomes. For conventional sulphur cured, carbon black 
filler NR vulcanisate, the value of compression set is normally 
<30%. 
It is expected that the presence of short fibres reduces the 
elasticity of rubber and therefore the extent of the recovery (tr) 
is also reduced. Consequently, due to the smaller value of tr 
the compression set percentage becomes greater. This is demon- 
strated in Figure 5.20 which shows the increasing value of compression 
235 
set percentage with increasing fibre concentrations. 
5.3.8.2 Creep 
Creep is dependent on various factors; types of rubber, 
curing systems and fillers, temperature, humidity etc. Curves 
in Figure 5.19 show the effect of short fibres filler on the 
creep in tension of rubber measured in the longitudinal direction 
at 700C under a constant stress of 6.9 MPa. It should be noted 
that creep in this result was taken as the increase in deforma- 
tion expressed as percentage of the original length. The shape of 
the individual curve in Figure 5.21 is typical of the creep 
curve for rubber 
(143); the initial elastic deformation (. Jh. e 
-. first=poriionof'#e. graph) followed by a slow or gradual increase 
in deformation with respect to time (the secortd'ýortr'on. of : -? 
the graph). At any given period of time it is observed that creep 
reduces with increasing fibre concentration, where a marked effect 
is observed when the fibre concentration is increased from 0% to 
20% v/v, above which the effect was very small. It is interesting 
to note that this observation coincides with the effect observed 
on elongation at break % (Figure 5.10), hardness (Figure 5.13) and 
also volume swelling (Figure 5.16). 
The improvement of creep property of rubber with the addi- 
tion of woodcellulose short fibre can be advantageous in certain 
applications of rubber products such as rubber mountings, e. g. 
probably bridge bearings. This is due to the fact that creep 
(also stress relaxation) provides, in many cases, the failure 
criterion of a rubber component. For instance, the clearances 
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FIGURE 5.21: Decreasing Creep per cent with Increasing Fibre Concentration 
of Composites at 6.9 MPa Stress (Temp: 70°C) Measured in 
Longitudinal Direction 
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allowed in an installation for the operation of rubber mountings 
are gradually reduced by the creep deformation until solid 
contact occurs between the mounted installation and its supporting 
parts. This type of failure is particularly relevant for situa- 
tions where space restrictions make clearance necessarily small 
and where limiting arrangements are made to provide a fail-safe 
situation in the event of total mounting failure. 
The creep test above was carried out in simple uniaxial*ten- 
sion, while the typical modes of deformation for many rubber com- 
ponents are shear and compression. Although in relating the 
results of tensile creep results to the compression or shear mode 
behaviour of the rubber component, it is difficult to generalise, 
owing to the considerable effect of geometry of the component on 
the nature and complexity of the stress field, the results above 
give a good indication of how the material will behave under a 
shear or compression. The ratio of creep in tension, compression, 
and shear of 1.00: 0.65: 0.80 can be useful in relating the 
(143) 
results 
5.3.9 Fatigue Life 
Fatigue is defined as any change in the properties of a mate- 
rial caused by prolonged action of stress or strain, but this 
general definition would also include creep and stress relaxation. 
Normally, however, fatigue is taken to cover only changes resulting 
from repeated cyclic deformation which means, in effect, long term 
dynamic testing. 
238 
Fatigue life was considered important because in many rubber 
products, notably tyres, cyclic deformation is considered to take 
place and causes the loss in strength shown by cracking and/or 
rupture and leads to a complete failure of such products. 
Therefore it will be interesting to investigate the effect of 
addition of various levels of woodcellulose short fibres on the 
fatigue life of the rubber composites. 
Figure 5.2Z shows the effect of woodcellulose short fibres 
concentration on the fatigue life of the composite tested at 
constant strain using the De Mattia test piece. It should be 
noted that fatigue life or flex cracking resistance was taken as 
the number of cycles to cause cracking in the whole groove length 
of the test specimen. The curve in Figure 5.22 indicates that the 
flex cracking resistance of the composite reduces with increasing 
fibre volume concentration. This is an expected result due to the 
fact that, increasing fibre volume concentration causes an increase 
in the stiffness of the composite and hence reduces the limiting 
strain making the composite more sensitive to flex cracking at 
low strain. 
The effect of stress on fatigue life of the composite is depic- 
ted in Figure 5.23. The test was carried out using test specimen 
in the form of strip, 10 mm wide and 1 mm thick with no cut made. 
The stress was adjusted based on the strain value for each compo- 
site derived from the stress-strain curve. In other words, each 
composite was tested at different strains, with the control rubber 
vulcanisate having the largest strain and the composite containing 
239 
S 
4 
C) 
L 
ý 
r- 
"r 
to 
0 4-j 
U 
ý 
cý 
ý 0 
ý rn 
0 J 
2 
%v% 
1.5 
1 
ý 
II It 
10 20 30 40 
Fibre concentration (% v/v of rubber) 
FIGURE 5.22: Relationship Between Fibre Concentration 
and Cycles to Failure (crack the whole length) 
for De Mattia Test Specimen Tested at Constant 
Strain 
240 
4.8 r- 
4.5 
. -. G) 
i 
.ý 
fti ý 
0 4.0 ý 
G) 
r 
U 
>1 
U 
O 
r-- 
CM 
O 
J 
3.5 
3.1L 
0 
L 
10 
III11 
20 30 40 50 60 
Fibre concentration (% v/v of rubber) 
FIGURE 5.23: 
_ 
The Effect of Stress on the Relationship Between 
Fatigue Life and Fibre Concentrations 
(measured in longitudinal direction) 
241 
most fibres having the smallest strain in order to obtain a 
constant stress for the test. Testing of fatigue life at 
constant stress was considered appropriate due to the fact that 
many rubber products such as tyres perform under a constant 
load/or stress condition. 
At 3 MPa stress, it is observed that the fatigue life (cycles 
to failure) increases when up to 10% v/v of fibres were added, 
above which the fatigue life reduces. This indicates that at 3 MPa 
stress, addition of woodcellulose short fibre up to 10% v/v can 
be advantageous. However, when the stress was increased further 
to 4 MPa, addition of woodcellulose fibre at any level did not 
give any advantage with respect to fatigue life performance of 
the composite because the fatigue life deteriorates drastically with 
increasing fibre concentrations. It is worthwhile to mention here 
that at 1 MPa stress the fatigue life of composites containing all 
levels (0-50% v/v) of fibres was very long, did not fail even 
up to 100 kilocycles. This is probably due to the fact that at 
1 MPa stress the corresponding strain was below that of the 
limiting strain which determines the limiting fatigue life. 
The effect of the incorporation of woodcellulose short fibre 
on the resistance to cut growth of composites is demonstrated in 
Figures 5.24,5.25 and 5.26. The test specimen used in this test 
was in the form of strip, 10 mm wide and 1 mm thick with a 2mm 
cut through the specimen in the mid-distance of the strip deliberately 
introduced using a tool of specific geometry. This form of test 
specimen was chosen because it enabled the fatigue test to be carried 
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out in tension rather than bending (as in the case with the 
De Mattia test piece). The disadvantage of the test in the 
bending mode, as compared to the test in tension, is attributed 
to the fact that all of the bending methods are to some extent 
arbitrary as to the degree of strain used and in most tests 
neither maximum or minimum strains are well defined. In con- 
trast, by cycling in simple tension, strains can be varied and 
reproduced more easily in one apparatus. In addition, by adop- 
ting a test in tension the following expression, as derived by 
workers at MRPRA(44,45) for fatigue life of a strip in tension, 
can be considered: 
N=G1 
(2 KW) nC0 
5.5 
where: N= fatigue life in cycles to failure 
G= cut growth constant 
K= function of the extension ratio 
W= strain energy per unit volume 
C0= initial depth of cut (or intrinsic flow), and 
n= strain exponent dependent upon the nature of the 
polymer. 
Hence, at a constant value of Ka plot of log (N) against log (W) 
will be a straight line having negative slope, n. In other 
words, the value N decreases with increasing value of W (the 
strain energy per unit volume). 
Curves in Figure 5.24 show that at any level of fibre concen- 
tration, the crack growth resistance as represented by the number of 
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cycles to failure, improved significantly when the stress was 
reduced. This observation clearly indicates the significance of 
stress level on the fatigue life of the composite. However, at 
a given stress the crack'growth resistance varies with varying 
fibre concentrations. In all cases, the maximum were observed 
at about 10% v/v of fibre. The result is consistent with that 
obtained for flex cracking resistance (Figure 5.23) at 3 MPa 
stress. The initial increase in the number'of cycles to failure 
with respect to fibre concentration for various stress levels 
could possibly be related to the ratio between the actual and 
limiting strain value imposed on the test specimen. If the 
ratio between the actual (see Figure 5.25) and limiting strain 
value at each stress level was taken for each fibre concentra- 
tion, it was found that generally there was a reduction in the 
ratio value from 0% to 10% v/v fibre concentration, indicating a 
lower actual strain as compared to the limiting strain. However, 
when the fibre level was increased further to 20% and more, the 
ratio increased, indicating a greater actual strain as compared 
to the limiting strain. This is reflected in the reduction of the 
cut growth resistance in the second part of the curve. 
Figure 5.25 demonstrates the influence of strain level on 
the crack growth resistance of composites containing various con- 
centrations of woodcellulose short fibres. At all levels of 
concentration (up to 20% v/v), it is observed that the cut growth 
resistance increases with decreasing level of strain until a 
limiting or a critical value is reached; below which the fatigue 
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life or cut growth resistance is expected to be very long. 
The observation made in Figures 5.24 and 5.25, can be rela- 
ted to that of expression 5.5. The reduction in cycles to failure 
with increasing stress level at any given fibre concentration 
(meaning parameters G, K, Co and n are constant) in Figure 
5.24, is consistent with that predicted in expression 5.5; 
the number of cycles to failure, N decreases with increasing 
strain energy, W (a function'of both stress and strain - area 
under the S-S curve). A similar comment can be made in the case 
of Figure 5.25, where at at any fibre concentration, the cycles 
to failure (W) increases with decreasing level of strain (a 
strain energy, W) until a limiting value is reached. This limiting 
strain value is considered as a critical value, above which the 
fatigue life is short and below which the fatigue is very long 
(ultimate life). Brown 
(146) 
observed a similar type of 'strain versus 
number of cycles curve' for an unsaturated polyester resin filled 
with glass beads: however, due to the highly brittle nature of 
this composite investigated, the range of strain levels used 
was much lower; only between 0.2 to 1.4% (as compared with the 
strain level used in this work; 5-400%). 
The increase in cut growth in relation to number of cycles 
of flexing at constant 1.5 MPa stress for different fibre concen- 
trations is depicted in Figure 5.26. It is observed that for 
any given increase in length of cut growth, the number of cycles 
of flexing increases with increasing fibre concentration up to 
20% v/v, above which the number of cycles started to decrease. 
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This result indicates the benefit of incorporating woodcellulose 
short fibres in rubber up to 20% v/v for improvement of resis- 
tance to cut growth at a specified stress of 1.5 MPa. 
5.3.10 Heat Ageing Properties 
Determination of heat ageing properties of rubber are carried 
out for two distinct purposes. First they can be intended to 
measure changes in the rubber at the (elevated) service tempera- 
ture, or secondly they can be used as an accelerated test to esti- 
mate the degree of change which would take place over much longer 
times at normally ambient temperatures. The degree to which 
accelerated tests are successful in predicting long term life at 
ambient temperature is highly debatable, but nevertheless such 
tests are very widely used. 
In this work, the heat ageing test was considered to be 
important, because the material that has been dealt with is new 
and unknown to the. rubber industry. The results of such tests 
which were carried out at 70°C for 7 days is shown in Table 5.6. 
As expected there is an increase in hardness unit as. a result 
of heat ageing. No definite trend of increase with respect to 
fibre concentration indicating that the effect is independent to 
fibre concentration. It is also worthwhile to mention that in 
general the difference between the unaged and aged hardness value 
is observed to be marginal. 
With the exception of composite containing no woodcellulose 
fibres and containing 5% v/v fibres, the value of tensile strength 
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of other composites measured in the longitudinal direction, was 
found to increase as a result of heat ageing; up to 26% increase 
in the case of composites containing 30% v/v fibres. However, no 
definite trend with respect to fibres concentration is observed, 
indicating its independence on the latter. The positive effect 
(increase in value) observed in this result is quite surprising 
because generally it has been well known that heat ageing of rubber 
vulcanisates causes a reduction in tensile strength. This gain 
in composite tensile strength could perhaps be attributed to 
extra chemical bonding and vulcanisation reaction taking place 
between the woodcellulose fibres and rubber through RH bonding 
system. 
At all levels of fibre concentrations, heat ageing caused 
a reduction in elongation at break of the composites measured in 
the longitudinal direction. This is an expected result because 
heat ageing causes an increase in the stiffness (or hardness) of 
the composites, thus reducing the elongation at break percentage. 
A generally higher reduction in the case of composites containing 
short fibres as compared to a control no-fibres compound, may be 
due to extra bonding occurring during heat ageing resulting in 
greater stiffness. In fact Derringer(19) followed the rate of 
adhesion development by dete nnining the time at which elongation 
at break was minimised at a given temperature. 
The results discussed above were based on the air oven method 
where the test pieces were subjected to a temperature of 700C for 
7 days, and then tested. The disadvantages of the method above are 
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that to obtain multi-point ageing data is very time consuming 
and also there is uncertainty as to the value of the simpler 
mechanical properties such as tensile strength in relation to 
service performance and variability is increased by the use of 
separate test pieces for each point in the time and temperature 
sequence. Stress relaxation measurements in tension has shown 
some promise as a general guide to ageing performance by reducing 
or eliminating some of these difficulties. 
The stress relaxation measurements (see diagram in 
Figure 5.27) consist basically of monitoring the stress in a 
sample whilst subjecting it to an ageing procedure at high 
temperatures. In this work a continuous relaxation technique 
was used in which the sample was held stretched throughout the 
test. The principle behind this test is that under suitable 
conditions it has been proposed that the reactions within the 
rubber network may be relaxed to stress changes. The decay of 
stress in continuous relaxation measurements provide a measure of 
the degradative reactions in the network. In this technique any 
new networks formed are considered to be in equilibrium with the 
main network and do not impose any new stress. 
Curves in Figure 5.28 show the result of continuous stress 
relaxation measurements at 700C and 1000C for various fibre con- 
centrations. ft/fo (ft is the force at time t and fo is the 
original force taken as 100%) against time plot is a measure of 
stress decay with respect to time. At 100°C for a given time the 
heat ageing resistance deteriorates when 5% v/v of woodcellulose 
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KEY: 
A= Sample under elongation 
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short fibres was added. However, the heat ageing resistance 
started to improve with further addition of short fibres. At 
70°C it is observed that the ratio of stress for a control no- 
fibre compound is much greater than at 100°C for any given time. 
The composites containing all levels of fibre concentration were 
observed not to show any reduction in the value of ft/f° for a 
very long time. This indicates the resistance to heat ageing 
of these composites at 70°C. The greater heat ageing resistance 
at a lower temperature can be explained by the following Arhenius 
equation 
(124); 
log(K) _ý+C5.6 
where: K= reaction rate (fall in modulus or stress as a per- 
centage of original modulus or stress over 50h), 
U= reaction energy, 
R= gas constant, 
T= absolute temperature, and 
C= constant. 
The equation above predicts an increase in the value of K 
(fall in stress) with an increasing value of T (temperature). 
5.3.11 Water Absorption 
Cellulose fibre and woodcellulose in particular, is known 
to be hydrophilic in nature and has a great tendency to absorb 
water due to the formation of hydrogen. bonding. Hence it was con- 
sidered necessary to carry out the water absorption test on the 
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composite. Figure 5.29 depicts the result of such a test and 
also show the relationship between water absorption (weight 
percentage) and fibre concentrations. 
As expected, water absorption was found to increase with 
increasing fibre concentrations. This is due to the fact that 
increasing fibre concentration will increase the ability of a 
unit volume composite to absorb water. However, it should be 
noted that the absolute value of water absorption percentage 
of the composites are not considered to be very high; even at 
40% v/v of fibre the water absorption percentage was observed 
to be only about 6.5%. 
The action of liquids (water in this case) on rubber 
vulcanisates/composites may be regarded as the net effect arising 
from physical swelling of the polymer, and fillers, and the 
leaching of, or attack on, plasticizing agents, or any other 
ingredients in the rubber. The above effect may cause a reduction 
of strength of the material. In this work it was found that the 
effect of leaching out of soluble ingredients in water was very 
small and considered negligible. The percentage of soluble matter 
was found to be in the range of 0 to 0.15%. In fact, the compo- 
site containing higher levels of woodcellulose fibres was obser- 
ved to give the lowest percentage of soluble matter (see Table 
5.7), probably due to the fact that the presence of fibres and 
its bonding agents tend to hold the whole ingredients together 
in the composite and therefore prevent them from leaching out. 
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TABLE 5.7: Water-Soluble Matter in Rubber Composite 
Fibre concen- 0 5 10 20 30 40 
tration % v/v 
% Soube 
Matter 0.15 0.09 0.02 0.04 None None 
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FIGURE 5.29: Relationship Between Water Absorption and Fibre 
Concentrations 
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FIGURE 5.30: Relationship Between Specific Gravity and Fibre 
Concentration 
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5.3.12 Specific Gravity 
Specific gravity was found to increase proportionally 
with increasing fibre concentration (see Figure 5.30). For 
every 1% increase of fibre volume concentration there was an 
0.002 unit increase in specific gravity as given by the slope 
of the straight line. It is interesting to note that even at 
60% fibres by volume of rubber, the specific gravity was observed 
to be only 1.173, as compared to say the rubber compound con- 
taining magnesium silicate (Pangel - see later Chapter 6), where 
it is observed that, at only 20% volume concentration, the 
specific gravity is as high as 1.170. 
The relatively lower specific gravity of composite contai- 
ning ground woodcellulose short fibres as compared to composites 
filled with other types of fillers, may offer advantages in the 
cost of the product made from this composite, due to the fact 
that it has been a normal practice in the rubber industry to 
buy the raw materials by weight basis and sell the manufactured 
products by volume basis. 
5.3.13 Resistance to Sharp Object Penetration (Puncture 
Resistance) 
A special test was devised for this property and was carried 
out using the Hounsfield Plastics Impact Testing Machine as shown 
in Figure 5.31. As-the name suggests, the machine is normally 
used for measurement of impact strength of plastic materials. 
With a slight modification i. e. by the attachment of a needle 
(see Figure 5.32), to the tup provided, the machine was suitable 
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FIGURE 5.31: The Hounsfield Plastics Testing Machine, used for 
Testing of Sharp Object Penetration Resistance of 
Rubber Composite Containing Different Levels of 
Woodcellulose Fibre Concentration 
KEY: 
A-A sharp needle (see Figure 5.32) attached to the tup 
g- Tup 
C- Locking screw for adjustment of the tup position 
D- Rectangular test specimen of known thickness 
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0.9 nm-e - .4 
53mm 
4mm 
sý- 
FIGURE 5.32: A Needle Used for Sharp Object Penetration Test; a 
Diagram Showing its Dimensions. 
(Note: the diagram is not drawn to scale) 
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to be used for the measurement of puncture resistance of the 
rubber composite investigated. The machine was supplied with 
various sizes of tups and each tup represented the impact 
energy to be used. A table. is provided giving readings for 
various tups to be converted into energy(147). In this work 
5 different tups with energies ranging from 0.043 N. m. to 
0.68 N. m. were used. 
To carry out the test, a test specimen of rectangular 
shape with known thickness was adhered to the spot shown in 
Figure 5.31; Before attaching the ! test specimen, the tup to 
be used was first inserted in the machine and the locking screw 
was adjusted such that when the tup was released (without a 
test piece) the pointer came to zero. The resistance of rubber 
composite to penetration by sharp objects was determined by 
measuring the depth (length) of needle penetration. To obtain 
an actual length of penetration, the thickness of the test speci- 
men was also taken into account and this value was ßdded to the 
measured length. 
The result of this test is presented in Figure 5.33 where 
a graph of penetration length was plotted. against fibre concen- 
tration for various levels of energy used. It shows that. for 
all levels of energy, the penetration length decreases with increa- 
sing fibre concentration indicating that the sharp object penetra- 
tion resistance of rubber improves with presence of ground wood- 
cellulose. As expected, at all levels of fibre concentrations, 
it is observed that, the resistance to sharp object penetration 
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FIGURE 5.33: The Effect of Fibre Concentrations on Puncture Resistance 
of Composites at Various Levels of Impact Energy 
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of the rubber composite deteriorates when the level of energy 
was increased. The dotted lines in the graphs, i. e. in the case 
of energy levels of 0.085 N. m. and 0.169 N. m. indicates that 
measurements of length were not able to be made because the 
needle did not penetrate right through the specimen's thickness. 
At a much lower level of energy (0.042 N. m. - Tup 'G'), no 
puncture was observed for all levels of fibre concentrations. 
The improvement of sharp object penetration resistance of 
rubber compound by incorporation of ground woodcellulose short 
fibres can be beneficial for certain applications in the 
rubber industry. A good example is in the lorry tyre; here 
it has been the normal practice to apply a 'belt' or a hard 
rubber compound between the tread and inner tube of a lorry 
tyre to provide a puncture resistant member of the tyre, so 
that the inner tube which contains air pressure is protected 
to a certain extent from puncture. The results obtained above 
give a good indication for a possible application of a rubber 
composite filled with woodcellulose fibre (mechanical type). 
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CHAPTER 6 
COMPARISON BETWEEN THE EFFECT OF GROUND 
WOOD CELLULOSE FIBRES AND OTHER TYPES OF FILLERS 
ON SOME PROPERTIES OF NATURAL RUBBER VULCANISATE 
6.1 Introduction 
In the previous chapters a detailed investigation was carried 
out to study the effect of ground wood cellulose fibres on the 
properties of rubber vulcanisate. In addition, the effect of 
increasing loading, of these fibres on the properties of rubber 
vulsanisate/composite was also studied. 
The question arises as to how is this filler compared to 
other types of particulate fillers. In order to assess the 
performance of ground wood cellulose fibres, it is necessary to 
compare it with other available types of fillers in terms of 
processability and basic physical properties of the vulcanisates. 
6.2 Experimental 
The formulations used in this experiment are shown in 
Table 6.1. As the densities of the various fillers are variable 
(1.3-2.7), the level-of each filler was fixed at 20% by volume of 
rubber. The types of filler selected for this study range from 
non-reinforcing, ground whiting (calcium carbonate) to reinforcing 
precipitated silica, ultrasil VN3. 
The Pangel used in the formulation is a long needle-like 
crystal form of white silica filler derived from a material called 
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TABLE 6.1: Formulations used and properties of Rubber Com ound/ 
Composite Containing Various Types of Fillers by Volume) 
6 
Formulation 
pph r 
NR (SMR5) 
Zinc oxide 
Stearic acid 
Permanax BL 
Sulphur 
CBS 
Silica (Ultrasil 
VN3) (1) 
Pangel (2) 
Triethanolamine(3) 
Ground whiting 
(4) 
Santoweb D(5) 
Resimene 3520 
HAF Black (N330) 
Ground Wood Cellu- 
lose (6) 
Cohedur RS 
HMT 
Properties 
Longitudinal direction 
Tensile strength MPa 
Elongation at break % 
Modulus at 100%, MPa 
Modulus at 200%, MPa 
Young's Modulus, MPa 
Tear strength, KNm-1 
Mix No 
12345678 
100 100 100 100 100 100 100 100 
55555555 
22222222 
1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
- 43 ------ 
45 
33 
60 
32 32 
22 
44 
33 
12345678 
18.3 18.0 14.3 13.8 5.5 8.4 8.0 13.1 
775 650 400 670 390 350 275 22 
0.7 2.0 5.0 1.0 4.7 6.4 6.5 10.8 
1.3 3.6 8.0 1.8 4.8 6.8.7.6 12.5 
- 8.3 14.0 2.0 12.6 - 14.0 - 
49.8 66.9 51 35.9 53.7 60.3 60.0 70.0 
30 - 30 
28.5 28.5 
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Table 6.1 ... continued 
Transverse direction: 
Tensile strength, MPa 
Elongation at break, 
Modulus at 100%, MPa 
Modulus at 200%, MPa 
Hardness, IRHD -2 
Specific gravity 
Solvent swelling, 
increase in vol, % 
ODR trace at 150°C, 
Arc 
Cure time (t95) mins 
Scorch time (ts2) " 
Maximum torque, 
(dN-m) 
lLmax (torque 
increase, dN-m. 
Cure rate, dN-m/min 
a=relative increase 
of torque (7) due 
to filler 
Mooney viscosity 
[ML(1+4) 100°C] 
Compression set @ 
70'C for 24 hrs 
E41 
Fibre orientation 
(ver1, [or! ) 
Fibre orientation 
(horizontal) 
15.8 - 6.5 7.9 9.5 12.2 
450 - 450 390 300 250 
5.1 - 4.4 4.6 6.2 9.4 
7.8 - 4.6 4.8 7.4 11.6 
35 66 83 51 81 85 82 85 
0.974 1.124 1.168 1.307 1.042 - 1.047 - 
405 410 285 415 140 - 120 - 
18.3 28.0 14.5 16.5 20 19 13.5 15.0 
7.9 2.5 2.0 5.0 9.0 5 3.0 2.5 
22.5 57 42 30 33 37 49.5 61 
19 39 36 28 31 34 47 58 
1.72 2.0 3.5 5.3 2.5 2.2 6.0 5.8 
1.05 0.895 0.474 0.63 0.79,1.47 2.05 
22 50 37 13 14 18 13 - 18 
29.0 49.4 48.3 33.8 43.9 49.0 31.7 34.6 
48.6 --- 31.7 33.3 
1. Supplied by I. D. Chemicals (Degussa ), S. G. = 2.0 
2. Magnesium silicate, - supplied by Steetley Minerals Ltd, S. G. = 2.1. 
3. Supplied by Fisons Chem. Ltd. 
4. Ground calcium carbonate supplied by English China Clay, Cornwall, 
S. G. = 2.7. 
5. Treated Cellulose Fibres, supplied by Monsanto Co Ltd, S. G. = 1.5 
6. Ground Wood Cellulose fibres supplied by Pierce and Price (Woodpulps) 
Company Ltd, S. G. = 1.31. 
7. Refer to Table 5.1 for details. 
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sepiolite. It is a new type of silica filler supplied by 
Steetley Minerals Ltd. Triethanolamine was added in mixes 
containing silica (Pangel and Ultrasil VN3) filler to accelerate 
cure as silica/silicates have been known to retard cure. 
Santoweb 'D' is a trade name of a treated short cellulose 
fibre, specially prepared to be compatible with conventional 
unsaturated rubbers such as NR, SBR, CR, IR and their blends, 
whilst Resimene 3520 is a bonding agent of methylene donor type 
added to the mix when Santoweb is used. Both chemicals are 
marketed by Monsanto Co. Ltd. 
Ground wood cellulose used in this work is a short fibre 
derived from wood and has a wide range of length and diameter. 
The material was supplied by Pierce and Price (Woodpulps) Ltd. 
In the formulation containing the ground wood cellulose, Cohedur 
RS and HMT were added as a bonding system to bond these fibres 
to rubber. 
Preparation and testing of specimens were carried out in 
accordance with the procedure given in Chapter 3. 
6.3 Results and Discussion 
6.3.1 Milling Behaviour 
No difficulty in mixing and milling of different types of 
fillers was experienced, except with silica ultrasil VN3. Rubber 
compound containing silica VN3 had a great tendency to adhere to 
the back roll and stick to the metal surface. This problem was 
solved by the use of cooling water to reduce the temperature of 
the rolls to about 50°C. 
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6.3.2 Processing and Curing Characteristics 
6.2.3.1 Mooney viscosity 
Silica ultrasil VN3 was found to have the greatest effect 
on the Mooney viscosity of natural rubber compound, followed by 
Pangel. All other fillers (whiting, Santoweb 'D', and ground 
wood cellulose fibres) unexpectedly caused a reduction in Mooney 
viscosity as compared to gumstock (see Table 6.1). Addition of 
HAF carbon black in the Santoweb 'D' and ground wood cellulose 
fibre compound caused only a moderate increase in Mooney visco- 
sity, but the value is still below that of the gumstock. 
6.3.2.2 Curing characteristics 
The curing characteristic of the rubber compound/composite 
containing various types of fillers is shown in Figure 6.1. The 
various curing parameters which were obtained from the ODR traces 
in Figure 6.1 are given in Table 6.1. 
The results show that as expected the silica-filled rubber 
compound has the longest cure time, followed by Santoweb '0', 
whiting, Pangel, and the ground wood cellulose fibre-filled rubber 
compound was found to possess the shortest cure time. In contrast, 
the silica and Pangel-filled rubber compounds were found to have 
the shortest scorch time (2 minutes at 150°C). This type of 
curing characteristic is considered undesirable for a practical 
rubber compound. An ideal curing characteristic should be a rubber 
compound which gives a short curing time but a considerably long 
scorch time to ensure processing safety. Rubber composite con- 
taining Santoweb '0' was found to possess the longest scorch time, 
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indicating that this compound has the best processing safety. 
While rubber composite containing ground wood cellulose fibres 
was observed to have a scorch time of 3 minutes at 150°C. 
Making the time equivalent to a Mooney scorch time at 120°C by 
multiplying by a factor of 5*, the Mooney scorch time at 120°C 
(generally accepted standard temperature) becomes 15 minutes. 
This length of time is considered to be safe enough for proces- 
sing, for instance, if the rubber compound was to be utilised as 
a retread compound. 
As for. the maximum torque which approximately represents 
the shear modulus of the compound, the silica filled rubber 
compound was observed to be highest followed_by. the ground 
wood cellulose fibre-filled rubber composite. However, the 
maximum change of torque data, which, is considered significant 
for filler reinforcement(5) to be identified,, shows a different 
picture; the composite containing the ground wood cellulose 
fibres was found to have the highest value, followed, by silica, 
Pangel, Santoweb 'D' and whiting-filled compounds. Addition of 
30 pbw HAF black in the ground. wood, cellulose_rubber composite 
increased the value of torque development further. (Mix No 8). 
For the composite containing Santoweb 'D', the addition of 30 pphr 
of HAF black increased, the value only slightly (mix No 7). In 
principle the torque development value (ALmax) is closely related 
to the modulus at low strain (30 angular movement of the rotor is 
equivalent to about 20% strain). Since the relationship between 
* This figure was obtained based on the results obtained by 
MRPRA (117) 
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moduli at 20% and at 300°! °strain depends on the shape of stress- 
strain curve, there is no general'rule relating the torque at 
30 angle and 300% modulus for different compounds. 
Another interesting parameter, i. e. the relative increase 
in torque due to the addition of filler, called a can be a useful 
tool to characterise the effect of filler on the modulus reinforce- 
ment of a rubber compound (details were described in Section 
5.3.1.2). Again, the composite containing ground wood cellulose 
fibres was found to have the highest value, followed by silica- 
filled rubber compound. As expected, although in terms of 
parts by weight, the rubber containing ground whiting contain 
the highest weight of filler (by virtue of the fact that the S. G. 
of ground whiting is the greatest of all these fillers i. e. 2.7), 
but the value of a (relative increase of torque) was found to 
in. 
be the lowest, thus implying that it was 
'a 
particularlyZeffective 
filler for the enhancement of modulus. -G*ou'no{- 
whiting is well known. as a non-reinforcing filler for rubber. 
The ground wood cellulose short fibre was considered to be, the 
most effective filler for enhancement of modulus, followed by 
silica, ultrasil VN31 Pangel, Santoweb 'D' and the least effective 
being ground whiting. This observation needs to be confirmed by 
the supportives physical properties (see later). 
Composites containing ground wood cellulose fibre were also 
found to have an advantage over the other compounds in terms of 
cure rate; this composite was observed to have the highest value, 
indicating that the rate of crosslinking was the fastest. 
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6.3.3 Stress-Strain Properties 
6.3.3.1 Tensile strength 
The result of tensile strength property test shows that 
silica (ultrasil VN3) filled rubber compound has the highest value 
followed by Pangel, whiting, ground wood cellulose fibre and the 
least being Santoweb 'D' -filled rubber composite (see Table 6.1). 
However, it should be noted that the tensile strength of all the 
rubber compound composites studied were lower than that of the 
control gumstock compound. Addition of HAF carbon black caused 
an increase in tensile strength of both rubber composites 
containing Santoweb 'D' and ground wood cellulose fibre by 53% 
and 64% respectively (mixes 6 and 8). 
The above result indicates that, all the fillers studied did 
not have a reinforcing effect on the tensile strength property of 
NR. It is also interesting to note that, although the silica, 
ultrasil VN3 is known to be a reinforcing filler, no increase in 
the tensile strength property of the NR compound was observed. 
This is because natural rubber is a strain-crystallisable rubber 
whose gumstock (unfilled) strength is already very high. For 
example, a natural rubber pure gum vulcanisate made from latex 
(with proper precautions) can have a tensile strength of 45 MPa 
at 700% strain. However, it has been a normal and long standing 
(as old as the rubber industry itself) practice(2) to incorporate 
fillers of different types into natural rubber compounds. This 
is done to improve processability, hardness and modulus, tearing 
resistance, pigmentation and on many occasions to cheapen the 
product. 
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on the other hand, in the case of a non-strain-crystallisable 
rubber such as SBR, the tensile strength of the unfilled vulcani- 
sate was observed to be very low i. e. 3.2 MPa (see Table 6.2). 
With this type of rubber, incorporation of fillers, in particular 
the reinforcing type such as HAF carbon black is a significant way 
of increasing its tensile strength (compare mixes 1 and 5 in 
Table 6.2) in addition to improvement in other properties such as 
modulus. It is also observed that incorporation of 25 pphr of 
ground wood cellulose fibres increased both tensile strength and 
modulus at 100% of SBR significantly (compare mixes 1 and 3 in 
Table 6.2). With SBR further addition of 20 pphr of HAF black 
in the composite increased the tensile strength and modulus at 
100% further (mix 7 of Table 6.2). The reinforcing effect of 
both ground wood cellulose fibres and HAF black on the strength 
property of SBR rubber compound is evident from the above result. 
Mercaptosilane coupling agent was found to cause a reduction in 
both tensile strength and modulus at 100% of all the SBR compounds/ 
composites studied. It seems that, in this case, silane has 
antagonistic or inverse effects on the strength property of SBR 
compounds/composites. 
For natural rubber composites (fibre-filled compound), no 
significant difference between the tensile strength value measured 
in longitudinal and transverse directions were observed (see Table 
6.1). A possible explanation for such an observation may be that 
the orientation of fibres was not fully achieved at the fibre 
concentration of 20% by volume due to the considerably low visco- 
sity of the composite in its unvulcanised state. Furthermore, for 
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TABLE 6.2: Formulation and Physical Properties of SBR Compound/ 
Composite 
Formulation Mix No 
pphr 1 2 3 4 5 6 7 8 
SBR 1204(1) 100 100- 100 100 100 100 100 100 
Zinc oxide 5 5 5 5 5 5 5 5 
Stearic acid 2 2 2 2 2 2 2 2 
CBS 1 1 1 1 1 1 1 1 
Sulphur 2 2 2 2 2 2 2 2 
Ground wood 
cellulose - - 25 25 - - 25 25 
fibres 
HAF black (N330) - - - - 20 20 20 20 
Mercaptosilane 2 - 2 - 2 - - (Z6062) 
Properties 1 2 3 4 5 6 7 8 
Tensile strength 3.2 3.9 9.3 4.5 24 14 18 6 10 6 MPa . . 
Elongation at 
break, % 325 400 130 275 450 575 345 450 
Modulus at 100%, 1.8 1.8 9.0 4.5 3.18 2.25 12 9 7 5 MPa . . 
ODR trace at 
arc 140oC , 
Cure time (T ) 95) 81 38 64 22 57 32 58 23 
mins 
Scorch time (T 2 54 13.5 27 2.8 38 4.0 27 2.0 s ) mins Maximum torque 22 24 38.5 1 38.5 31 33 5 47 5 48 (dN-m) . . 
Minimum torque 
(dN-m) 2 .3 
3 6 3.5 5 6 8 
ALmax (Torque 20 21 35.5 32.5' 27.5 28 41.5 40 
increase, dN-m 
a=relative - - 0.775 0.548 0.375 0.333 1.075 0.905 
increase in tor- 
que due to filler 
Cure rate dN. m/ 1.25 1.66 . 3.0 4.25 2.17 4.5 3.0 6.5 min 
1. Solprene 1204 -a solution polymerised type of SBR, supplied by 
Philips Petroleum Chemicals, Brussels, Belgium 
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ground wood cellulose fibre it was found that (see Section 
5.3.2.1) at a level of 20% by volume of rubber, the value of 
tensile strength was minimum. The reason for the drop in the 
value of tensile strength, as explained previously is due to 
insufficient number of fibres being present to effectively 
restrain the matrix so that high matrix strains result at rela- 
tively low stresses. The effect is either to break or to debond 
the fibres before failure of the entire composite occurs. As a 
result, the matrix strength is diluted by the 'holes' resulting 
from the broken or debonded fibres. At this state, the strength 
in longitudinal and transverse directions was not expected to be 
different. 
An interesting observation was made during tensile testing 
of dumb-bell specimen of composites containing ground wood 
cellulose; Santoweb 'D' and Pangel short fibres. Photographs 
taken at 100% elongation illustrate different states of test 
piece in response to the stress in tension. The most distinctive 
was observed with composite containing Santoweb 'D', where it 
can be clearly seen that yielding takes place as indicated by 
necking at various points (Figure 6.2(a)), whilst composite con- 
taining ground wood cellulose fibre shows only a slight irregu- 
laritywithout any distinct 'necking' behaviour (Figure 6.2(b)), 
and composite containing Pangel short fibre demonstrates a rather 
smooth surface without any 'necking' at all (Figure 6.2(c)). 
The observation made above may provide a good reason for the 
lower tensile strength value obtained with a composite containing 
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FIGURE 6.2(a): Santoweb 'D' FIGURE 6.2(b): Ground woodcellulose 
FIGURE 6.2(c): 
Pangel 
FIGURE 6.2: Dumbell Specimen of Composite Containing Santoweb 'D' 
(a) ground woodcellulose, (b) and Pangel (c); Photographs 
showing the 'state' of test piece (narrow portion) at 100° 
elongation. (20% volume loadinq) 
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Santoweb 'D', as opposed to a higher value obtained with compo- 
site containing Pangel. 
6.3.3.2 Elongation at break 
All types of fillers studied caused a reduction in the value 
of elongation at break percentage of unfilled rubber vulcanisate. 
The least effect was observed with both particulate fillers; silica 
(ultrasil VN3) and ground whiting (calcium carbonate) and greatest 
effect was observed when ground wood cellulose fibres were added, 
followed by Santoweb 'D' and Pangel. The result was rather expected 
due to the fact that ground wood cellulose fibres, Santoweb 'D' 
and Pangel, are all in fibre form (see micrographs in Figures 
6.3(a), 6.3(b) and 6.3(c)) and measurement of elongation at break 
especially in the direction of fibre orientation is expected to 
give lower values when compared with j'R vulcanisate filled with 
particulate fillers (silica and ground whiting in this case). 
Addition of 30 pphr of HAF black in both ground wood cellulose 
fibre and Santoweb 'D' filled rubber vulcanisate reduced the elon- 
gation at break further. 
The dependence of elongation at break on the direction of 
fibre orientation in short fibres-filled rubber composites can be 
clearly observed with the result as shown in Table 6.1. For, all 
short fibre filled rubber composites studied, the value of elon- 
gation at break measured in the transverse direction, was found to 
be greater than the value when measured in the longitudinal (or 
direction of fibre orientation) direction. This is because the 
matrix effect is considered to be dominant in the transverse direction. 
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of ground woodcellulose in NR 
compound, showing the short 
fibre-like structure of the 
filler 
(Magnification X450) 
FIGURE 6.3(b): 
Micrographs of pull-out surface 
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(Magnification X450) 
FIGURE 6.3(c): 
Micrographs of pull-out surface 
of Pangel in NR compound, showing 
short fibre-like structure of the 
filler (much smaller than the 
two above). 
(Magnification X450) 
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6.3.3.3 Modulus at 100% and 200% strain 
In most applications, rubber products are subjected to low 
strain level rather than high strain level. In these circumstan- 
ces, modulus or stress of rubber at low strain is the more impor- 
tant property to be measured and taken into account than even the 
tensile strength at break itself. Thus, it is a common practice 
in the rubber industry to determine M100, M200 and M300 (modulus 
or specifically stress at 100%, 200% and 300% strain respectively). 
However, in this work only M100 and M200 were determined, the 
results of which are shown in Table 6.1. 
Incorporation of all the types of fillers investigated in this 
work, was found to increase the value of both M100 and M200 
(compare mix 1 and other mixes). 'Both particulate fillers (silica 
VN3 and ground whiting) increased the values only slightly (only 
from. 0.7'MPa to 1 MPa for M100 and 1.33 MPa to 1.75 MPa with 
whiting), whereas, as expected all the three fibre-form fillers 
(ground wood cellulose, Pangel and Santoweb 'D') increased the 
values of M100 and M200 significantly, indicating that fillers in 
the form of short fibres are more effective than particulate 
fillers for the modulus reinforcement. The greatest effect was 
obtained with ground wood cellulose, followed by Pangel and Santo- 
web 'D' short fibres. When the property was measured in the trans- 
verse direction (assuming that the majority of fibres orientate 
in the machine or longitudinal direction), only a marginal reduc- 
tion in the values of M100 and M200 were observed for all the 
vulcanisates containing short fibres. This indicates that the 
orientation of fibres was not fully achieved. 
Lt5U 
The results of M100 and M200 confirm the results obtained 
with the oscillating disc rheometer trace where it is observed 
that the maximum change of torque (oLmax) value was found to be 
the highest with ground wood cellulose filled composite and the 
least with ground whiting filler rubber compound. This is a 
rather interesting observation. 
6.3.3.4 Young's modulus and hardness 
For Young's modulus and hardness, ground wood cellulose short 
fibre and Pangel were found to give the highest value, followed 
by Santoweb 'D' and silica (ultrasil VN3). Ground whiting, despite 
the fact that the largest amount was used in terms of parts by 
weight (by virtue of its high specific gravity), gave the lowest 
value of both Young's modulus and hardness properties (see Table 
6.1). This result is not surprising because ground whiting. is 
known to be an inert or non-reinforcing type of filler. 
The results above indicate that, ground wood cellulose short 
fibres and Pangel can be considered to be the most effective fillers 
for hardness and Young's modulus reinforcement. Comparing between 
the fillers in short fibres form and particulate form, it can be 
concluded that the former is more effective than the latter in 
causing enhancement of Young's modulus and hardness. This result 
confirms the result obtained previously for M100 and M200' 
Histograms as depicted in Figure 6.4 give a clear picture of 
the effect of different typesof fillers in causing enhancement of 
Young's modulus and hardness. It shows that the high value of 
Young's modulus is matched by the high value of hardness(in the 
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case of composite containing ground wood cellulose fibres and 
Pangel) and vice-versa (in the case of ground whiting). 
6.3.4 Tear strength 
With the exception of ground whiting, all other fillers 
were observed to cause an increase in tear strength. Silica 
(ultrasil VN3) was found to be the most effective, followed by 
ground wood cellulose short fibres, Santoweb 'D' and Pangel. 
Addition of 30 parts by weight of HAF black to both ground wood 
cellulose and Santoweb 'D' composites increased the value of 
tear strength even more (see Table 6.1. ). 
6.3.5 Resistance to solvent swelling 
Results in Table 6.1 show that swelling resistance of 
rubber vulcanisate/composite in toluene is dependent on the types 
of fillers used. Composite containing ground wood cellulose short 
fibres was found to resist the swelling in toluene most, followed 
by Santoweb 'D', Pangel, and the particulate fillers (silica and 
ground whiting) were found to be the least effective in resisting 
the solvent swelling of the rubber vulcanisate. 
The result above indicates that, short fibres, in particular 
ground wood cellulose, are more effective than particulate fillers 
in resisting the solvent swelling of the rubber vulcanisate. 
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6.3.6. Compression set 
Results in Table 6.1 show that, all filler types studied 
have detrimental effects on the compression set property of the 
rubber vulcanisate. In other words, the presence of filler 
of any type reduced the ability of the rubber vulcanisate to 
recover after a removal of a fixed stress or strain (in this 
work a fixed strain is used) applied to the specimen for a 
specific period of time and temperature. This is ascribed to the 
reduction of elasticity of rubber caused by the presence of 
fillers. 
Silica (ultrasil VN3), and Pangel were found to affect the 
compression set property of the rubber vulcanisate most, followed 
by Santoweb 'D' and ground whiting. Ground wood cellulose fibre 
was found to affect the compression set property the least. 
Addition of HAF carbon black into both composites filled with 
Santoweb 'D' and ground wood cellulose short fibres increased the 
value of compression set percentage to 49% and 34.6% respectively. 
Orientation direction of fibres was found not to affect the 
value of compression set; for both composites filled with Pangel 
and ground wood cellulose short fibres, with both specimens 
prepared with vertical fibre orientation (1) and horizontal fibre 
orientation no significant difference in the values was 
observed. 
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CHAPTER 7 
BONDING MECHANISMS AND CHEMISTRY OF VULCANISATION 
7.1 Introduction 
Results in Chapter 4, have shown that good adhesion between 
ground woodcellulose fibre and rubber matrix was achieved through 
the use of the resorcinol-hexamethylenetetramine (RH) bonding 
system. This view was based on the restricted equilibrium 
swelling (RES) property and other physical properties namely: 
yield stress and tear strength. It was felt that, this work would 
not be complete without some understanding of the bonding mecha- 
nisms between the fibre and rubber itself. Therefore, this will 
be dealt with in this chapter. 
Further, because it has been generally known that the bonding 
mechanisms above (especially when the RH system is involved) may 
be related to the crosslinking reactions within the rubber matrix, 
I 
this chapter also deals with the vulcanisation chemistry of the 
crosslinking reactions. 
7.2 Mechanism of Bonding 
7.2.1 Experimental 
In this research investigation, in order to postulate a 
bonding mechanism, two different experiments were carried out: 
7.2.2.1: To follow-up the chemical interaction between wood- 
cellulose fibre and resin by means of infra-red 
technique 
The following mixtures were heated in a round-bottomed flask 
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on a hot oil bath set at 1500C for 30 minutes. 
i) Woodcellulose fibre (control)* 
ii) Resorcinol + hexamethylenetetramine (3.5: 1.8 
ratio) 
iii) Resorcinol + hexamethylenetetramine + woodcellulose fibre* 
(3.5: 1.8: 28.3 ratio) 
After heating, a KBr (potassium bromide) disc for each of 
the mixtures above was prepared and vacuum dried under compression 
to remove any trace of moisture. The concentration of the mixture 
in Or disc was fixed at 2%. The infra-red trace was then run 
on the disc prepared. Examples of these traces are shown in 
Figures 7.1(a) and 7.1(b). 
The chemical reaction/interaction between woodcellulose 
fibre and RF resin was determined by measuring the absorbance 
ratio of -0H and -CH groups in the infra-red trace after various 
intervals of heating time. The values were then compared with the- 
-OH value of absorbance ratio (-. ) for woodcellulose fibre alone 
(control). This method was chosen because it is believed that if 
the chemical reaction/interaction were to take place between the 
RF resin and woodcellulose fibre, condensation reaction with 
splitting of water between -0H groups available along the cellulose 
molecules and the methylol group of the RF resin is very likely. 
* The woodcellulose fibre (mechanical pulp) was first dried at 
at 1050C for 2 hours, cooled in dessicator to remove any 
trace of moisture present in it. 
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This will result in the reduction of the concentration of hydroxyl 
group of the cellulose fibre, without affecting the concentration 
of -CH group. To avoid the interference of any possible unreacted 
(excess) resorcinol and hexamethylenetetramine, at the completion 
of heating period, the mixture was washed with diethyl ether 
(to remove excess resorcinol) and cold water (to remove excess 
HMT) respectively. 
7.2.1.1.1 Results and discussion 
The -OH and -CH groups absorbance were calculated according 
to Beer-Lambert's law of absorption which states that(159): 
A= log10 IO/I 
where A= absorbance 
10= intensity of incidence radiation 
I= intensity of transmitted radiation. 
Figure 7.1(a) and 7.1(b) show examples of infra-red for 
original (unreacted) woodcellulose fibre and after being heated 
(mechanical) at 150°C for 3 hours in the presence of resorcinol/ 
hexamethylenetetramine system respectively. Examples of the calcu- 
lation of absorbance of -OH and -CH groups are shown as follows: 
i) From Figure 7.1(a) (original ground woodcellulose fibre), 
Io 
-OH absorbance = log10 -r 
AC 
= log10 BC 
85 
=1 09 10 -5- 
Löy 
= log 10 17 
= 1.2304 
-CH absorbance = log 
DF 
10 EF 
88 
= log10 4T 
= log10 2 
= 0.3010 
_126 -OH The absorbance ratio of - cu «o-. m 
= 4.088 
= peak height ratio = 
80 
= 1.818 
ii) From Figure 7.1(b) (fibre + RH system, heated for 3 hours 
at 150°C) 
-OH absorbance = log10 
GJ 
79 
= loglo 38 
= 0.3178 
-CH absorbance = log10 ILR 
83 
= log10 6T 
= 0.1389 
LyU 
-OH The absorbance ratio of _ after heating at 1500C for 
3 hours = . 
3-T389 
= 2.2879 
and peak height ratio of -OH _ 
40 
= 1.739 
Graphs of absorbance ratio and peak height ratio against 
heating period in the presence of RH system are depicted in 
Figure 7.2(a) and 7.2(b) respectively. The graphs show that, 
both absorbance and peak height'ratio of = decreases with -OH 
increasing heating period. 
The result above indicates that some forms of chemical 
interaction/reaction took place between ground woodcellulose fibre 
and the RH system during heating at 1500C for various periods of 
times, involving the -OH group of the woodcellulose fibre. 
Comparion between the spectra of the original woodcellulose 
fibre (Figure 7.1(a)), and woodcellulose fibre after being subjec- 
ted to heat at 1500C in the presence of RH system (Figure 7.1(b)), 
show that these are similar. However, a slight difference in the 
band at 1600-1650 cm-1 wavelength is observed between the two 
spectra. In the case of the original fibre a broader band at 
1600-1650 cm-1 is observed, while a sharper band at similar range 
of wavelength is observed for the fibre after being subjected to 
heating (reacted fibre). The sharper band observed with the reacted 
fibre is similar to that observed for the RF resin alone (without 
0 
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fibre) rather than that of the original fibre. For RF resin 
spectrum, the band at 1600-1650 cm-1 wavelength is believed to 
be due to C=C of substituted benzene nuclei(159). 
The above observation indicates that some forms of chemical 
interaction between the fibre and RF resin was considered to take 
place. To support this, another infra-red trace of KBr disc 
consisting of RH resin (already heated and reacted) and original 
fibre mixed together was run. In this case the band. at 1600- 
1650 cm-1 is observed to be similar to that of the original fibre. 
The comparison of the infra-red band'at 1600-1650 cm-1 wavelength 
frequency between various materials is shown in Figures7.3(i), 
(ii), (iii) and (iv). It is clearly observed that the band for 
fibre heated at 1500C in the presence of resorcinol-HMT system 
(1.3(iv)), is in closer similarity to resorcinol-HMT resin (7.3(iii)) 
than that of the original fibre (7.3(i i)) or fibre mixed with 
resorcinol-HMT resin but not heated(7.3 (i)). This observation 
provides further support that some forms of chemical interaction.: 
took place between fibre and RH system during heating. 
7.2.1.2 To use rayon* as a model fibre to investigate the 
e fectiveness of the resorcino - examet y enetetra- 
mine bonding system to bond rubber-to cellulosic 
TTir-e or texts e 
Rayon was chosen as a model fibre due to the fact that it is 
also a cellulosic, similar to woodcellulose fibre used in this 
research work, except that it possesses a lower molecular weight. 
Both type of fibres comprise of cellobiose units. The only diff- 
erence between them is that woodcellulose fibre in natural state, 
e enetetra- 
* Supplied by Courtaulds Co Ltd, UK 
293 
ý 
(i) Fibres + R-F resin (no reaction) 
(ii) Original fibre alone 
(iii) R-F resin alone 
Ni 
N 
(reacted) 
IIi I 
2000 1800 1600 1400 1200 
Wavenumber (cm 
1) 
(iv) Fibre + R-F resin Mated 
cm-1 Between FIGURE 7.3: Comparison of IRs Band at 
above) Various Materials (see ) 
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a cellulose molecule has an average of 500 cellubiose units, but 
during its processing to form rayon fibre, it suffers degradation 
(59) 
to form a molecular chain containing 150 to 200 of these units. 
7.2.1.2.1 Preparation of test sample and testing 
The formulation used for the preparation of test sample is 
shown in Table 7: 1. Mixing of ingredients was carried out on an 
850 cc capacity two-roll mill. Mixing details are described in 
Chapter 3. 
The test piece employed in this work for measuring rubber- 
fibre (textile) adhesion strength was the H-block type; the 
alphabet letter H signifies the shape of the test piece itself 
as shown in Figure 7.4. Test samples were made using a special 
mould as shown in Figure 7.5. Adhesion of rubber to fibre was 
achieved inside the mould during vulcanisation, where the fibre 
was sandwiched between the two layers of rubber. Prior to vulcani- 
sation the rubber surfaces were cleaned with solvent (Trichloro- 
ethylene and acetone) to remove dirt and grease and to create a 
fresh rubber surface. 
The principle of this test involves the application of 
extensional force at both ends of the test sample to separate 
the fibre from the rubber matrix and examine the nature of bonding 
failure. The test was carried out on a JJ tensile testing machine 
(Model T5002), using a grip separation speed of 20 mm/min. 
Special grips were employed for holding the H-block samples on the 
testing machine. 
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TABLE 7.1: Formulation Used and Debonding Force of Rubber-to- 
Rayon Adhesion 
Mix No 
Formulation 
1 2 3 4 
SMR 5 100 100 100 100 
Zinc oxide 5 5 5 5 
Stearic acid 2 2 2 2 
Sulphur 2.5 2.5 2.5 2.5 
CBS 0.5 0.5 0.5 0.5 
Permanax BL 1.5 1.5 1.5 1.5 
Carbon black (HAF) - - 30 30 
Cohedur RS - 4 - 4 
Hexamethylenetetramine - 3 - 3 
Debonding force 
(N/8 mm), (rayon) 
14.7 58.7 12.0 76.3 
Rubber coverage (q) 0 10 0 20 
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Rubber 
Direction . 
of pull 
"\ 
l-_ 
Direction 
of pull 
I Embedded cord 
Cord (8 mm) 
FIGURE 7.4: H-Block Test Sample Indicating 8 mm Length Cord Embedded 
in Rubber 
FIGURE 7.5: Special Mould for H-block Test Sample Preparation 
A= frame where the rayon fibres were wound 
B= mould area where bonding takes place 
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7.2.1.2.2 Results and discussion 
Results in Table 7.1 give a clear evidence that the resorci- 
nol-hexamethylenetetramine (RH) bonding system is an effective 
system for bonding rayon fibre to rubber. This is indicated by 
the greater pull-out force or bond strength of the test sample 
containing the RH bonding system for both white (gumstock) and 
black compound as compared to test sample containing no bonding 
agent (control), which possess no rubber coverage and low pull- 
out forces (the pull-out force of the RF resin containing rubber 
are four and six times greater for white and black compounds 
respectively). The presence of carbon black improves the bond 
strength in the RF mixes even more. 
The measurement of percentage of rubber coverage on the fibre 
was difficult to carry out, due to the nature of the rubber 
coverage itself on the fibre. It was observed to be different from 
that observed in the case of rubber coverage on a typical wire(161) 
where the measurement is easier. However, the value was estimated 
on comparison basis (see Table 7.1).. It is observed that the 
rubber coverage for gumstock and black compound containing no 
bonding agent was 0% as compared to 10% for gumstock containing 
RH bonding system and 20% for the black compound containing RH 
bonding system. 
The result above provides a good indication that there is 
some form of chemical interaction (adhesion) between the rayon 
fibre and rubber matrix, through the RH bonding system. As wood- 
cellulose fibre has an identical chemical formula to that of the 
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'model' fibre, rayon, it can be assumed that, possibly a similar 
form of chemical interaction (adhesion) takes place between 
these fibres and rubber through the RH bonding system. 
7.2,2 Mechanisms 
The results of the two experimental works carried out above 
indicate that some form of interaction took place between the 
resorcinol-formaldehyde resin and woodcellulose fibre. This is 
expected because the cellulose molecules (rayon included) are 
characterised by a high proportion of -OH groups which are 
conducive to good adhesion. However, in the literature, mechanisms 
of bonding reaction have not been well established. 
Various views have been put forward: hydrogen bonding between 
phenolic hydroxyl groups in the resorcinol-formaldehyde resin and 
electronegative groups in fibres(57), condensation reaction between 
methylol group of resorcinol-formaldehyde resin and active hydrogen 
in the fibre 
(59,160), dipole moment interaction 
(53,59), 
molecular 
entanglement 
(59), 
and diffusion of resorcinol-formaldehyde resin 
(158) 
into the fibres 
In this work, based on the results obtained above, it is 
assumed that the chemical reaction took place by a direct reaction 
between the transient methylol groups in the resin with -OH groups 
(11 53 55) 
of the cellulose fibres with splitting of water . 
It took place by the following sequences: 
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Mechanism of bonding of RH system to cellulose: 
i) C6H12N4 + 6H20 
160OC-ý 6HCOH + 4NH3 7.1 
(I4MT) 
R 
-- ---- 
OH 
ci4ý., CH2` 
Ff COýf 150 C: `ý\ 6ý-ý'If r, -" "'I-111 2 7.2 
Resorcinol Unit of R-F C02OH 
resin 
R-F resin with methyol 
group 
OH 
-iii) 
formaldehyde 
nu i ;;, i ý. ýiýnu ,A výý T W1 1 
CHsoN 
% 
_ý -INN1\N 
H, Cp ý- 
1 
'1' Q" Hi 
R-F resin with methylol 
group 
H`0. N 
OýC ; 04N 
C. =-0 (cellubiose unit 
of cellulose fibr 
oN 
ý . _,. . 
0 
-CH CH2 
OH 
Covalent linkage 
CH2 
CHioH 
CH2OH + 
H2o 
.0H ýi 
4Ný 'Q 
ok 
7.3 
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It should be noted that the covalent attractive force of 
100-600 kjmol-1 is a reasonably strong force, second only to 
ionic force (200-800 kjmol-1)(56). Thus, it should give a 
reasonably high bond strength. However, it has been suggested 
that in the case of rayon fibre, a direct covalent chemical 
linkage only accounts for 25% of the total bond strength(10. 
); the 
remainder are ascribed to hydrogen bonding (25%)0 
0 ), direct mecha- 
nical i. e. penetration of resin into the structure of the fibres 
(20%)(10), and finally diffusion of the resin into the fibres (30%)(158). 
Such resin/fibre mechanism above is also believed to account for the 
effectiveness of the in-situ bonding system with rayon. 
Cohesive energy density 
Another aspect of bonding mechanism which should be taken 
into account is cohesive energy density considerations. This 
factor determines the interfacial compatibility between the resin 
and fibres which would allow a true diffusion mechanism giving 
an adhesive bond. A good example is in the case of polyester, where 
an isocyanate adhesive has been found, 16 be än effective system` 
despite the inertness of polyester fibre (as evidenced by the 
remarkable 
I stäbi li ty_of' the fibre and low l evel of, hydroxyl 
'chain term: na- ting groups). Thus; it is-unlikely that direct, 
reaction between isocyanate and polyester group is considered 
contribute muc', However, Hartz(162) 
suggests that the isocyanate reacts to give a polyurethane, which 
has a cohesive energy density very close to that of polyester, which 
would allow a true diffusion mechanism giving an adhesive bond, 
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especially in view of the high temperature at which the bonding 
occurs. 
The following gives a detailed account of the cohesive 
density consideration: 
It is generally believed that for good surface contact bet- 
ween two materials, as is required for adhesive bond formation, 
0 
the two surfaces must be thermodynamically compatible. 
In order to achieve satisfactory bonding, the free energy 
change on the formation of a new interface mutt be negative. 
The free energy change AF, is given by the expression: 
AF = oHm - ToS 7.4 
where lHm is the heat of mixing, T is the absolute temperature 
and AS the change in entropy. 
From the above equation, it can be seen that satisfactory 
bonding is favoured by: 
i) low heat of mixing 
ii) high temperature of bonding, and 
iii) large change in entropy. 
-The heat of mixing of two materials is given by: 
oHm = Vm ýa % {(oEa/Va)I - (oEb/Vb)i}2 7.5 
where Vm is the total volume of the mixture, 4 is the volume fraction 
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of the two components, a and b, tE is the energy of vaporisation 
and V is the molar volume-of each component. 
However, nE/V is the cohesive energy density of a material 
and, by definition, the solubility parameter, d, is the square root 
of this value. Equation. 7.5 therefore becomes: 
2 oHm = Vm a% 
(öa - db 7.6 
Considering this in equation 7.4, it can be seen that in order 
to ensure that the free energy change is negative, the solubility 
parameters of the two materials must be closely matched, so that 
the heat of mixing be as low as possible. 
There are several ways whereby the solubility of a material 
can be determined;! from solubilities, heat of evaporation, surface 
tension and structural formulae. In this work, due to the nature 
of the materials used, determination from structural formulae was 
employed using molar attraction! constants, G, as given by Small(163164): 
6= dEG/M 7.7 
where 6 is the solubility parameter, d is the density and M is the 
molecular weight. 
Based on the equation above, the solubility parameters for 
resorcinol-formaledehyde-resin and woodcellulose fibre were found 
tobel5.4-16.2 and 14.7 (cal cm-3)1 respectively (see Appendix 4 
for detailed calculation). These figures indicate that the resorci- 
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nol-formaldehyde resin should be compatible with woodcellulose 
fibre (the difference between the two values is within about 
1 (cal cm-3)i), as is borne out by the relatively good adhesion 
obtained. 
The foregoing discussion dealt with the adhesion mechanism 
between woodcellulose fibre and the resorcinol-formaldehyde 
resin. For adhesion or bonding between woodcellulose fibre and 
rubber matrix to occur, there must be some form of interaction 
between the resorcinol-formaldehyde formed when resorcinol reacts 
chemically with hexamethylenetetramine and the rubber matrix 
itself. 
Various views have been put forward regarding possible reac- 
tion mechanisms between the resin and rubber matrix. One possible 
mechanism is of that proposed by Van der Meer(152) as shown over- 
leaf. 
The mechanisms in 7.8 indicate that in step (ii; ) there are 
two possible mechanisms: the formation of bonds between cellulose 
fibre and rubber and the crosslinking reaction to form crosslinks 
between two rubber chains (detail of crosslinking reaction mecha- 
nisms will be dealt with later). The two reaction mechanisms can 
take place simultaneously. Assuming that the reactivity of resin 
towards cellulose fibre and rubber chain is similar, then good 
adhesion between cellulose fibre and rubber matrix results. 
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Steps: 
(1) 
HOCH 
HOCH 
OH 
H 
ru V, 13 
CI H3 
CHZ C_CH-CH 
+ H20 
-a (natural 
rubber 
chain) 
j-CHj-cCH---CH 
- 
7.8 
Cellulose` 
_ 
Rubber chain 
t. h, l 
-ECH2 C=CH-CH-4 
I 
CH 
H- , CMsOH 
II 
._ui .'1A 
__ 
pK kQ- Ni 0N ýa 
O `; H ýý 
OM" 
CNPH 
. 
Hý C -C"H -ý- 
+ N2p CH3 
(Cellulose fibre-rubber bonding through 
resin) 
7.3 Chemistry of Vulcanisation 
+ H20 
o'' 
CH -C ýý 
ý2 
H-C13 
I CH3 
(Crosslinks between 
2 rubber chain) 
7.3.1 Experimental - 
To investigate whether or not hexamethylenetetramine, resor- 
cinol or a hexamethylenetetramine/resorcinol combination is 
capable of reacting chemically and forms crosslinks with rubber 
molecules, a series of experiments were carried out. 
w eure I. iý- nýý 
heat 
ýOH 
I" 
ý' 
I---, CH2 
Different combinations of rubber (SMR 5), HMT, resorcinol, 
CBS and sulphur used in this work were as follows: 
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Ratio 
1. Rubber + HMT 
2. Rubber + HMT + resorcinol 
3. Rubber + resorcinol 
4. Rubber + HMT + resorcinol + 
ZnO + stearic acid 
5. Rubber + HMT + sulphur + 
ZnO + stearic acid 
6. Rubber + resorcinol + sulphur 
+ ZnO + stearic acid 
7. Rubber + HMT + resorcinol + 
sulphur + ZnO + stearic acid 
8. Rubber + sulphur + CBS + ZnO 
+ stearic acid 
9. Rubber + sulphur + CBS + HMT 
+ ZnO + stearic acid 
10. Rubber + sulphur + CBS + 
resorcinol + ZnO + 
stearic acid 
100: 3 
100: 3: 4 
100: 4 
100: 3: 4: 5: 2 
100: 3: 2.5: 5: 2 
100: 4: 2.5: 5: 2 
100: 3: 4: 2.5: 5: 2 
100: 2.5: 0.5: 5: 2 
100: 2.5: 0.5: 3: 5: 2 
100: 2.5: 0.5: 4: 5: 2 
11. Rubber + sulphur + CBS + 
HMT + resorcinol + Zn0 + 
stearic acid 
100: 2.5: 0.5: 3: 4: 5: 2 
The level of individual ingredients chosen above was based 
on the level used in the formulation adopted throughout this 
work. 
To simulate the actual treatment, rubber and other appropriate 
ingredients as shown earlier, were mixed on a two-roll mill, 
followed by curing on an electric press set at 150°C. The curing 
time used was based on the t95 (95% crosslinks) obtained from 
ODR trace. 
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7.3.1.1 Swelling in toluene 
The swelling insolvent technique is an effective technique 
to achieve the following objectives: 
1. To determine whether or not any crosslinks were formed bet- 
ween rubber chains after heating. 
2. Crosslink density can be determined. This result will enable 
the comparison to be made between the effectiveness of 
different curing systems. 
The usefulness of the swelling technique to achieve the 
first objective above, is based on the theory that, raw rubber 
and unvulcanised rubber is completely soluble (miscible) in good 
solvents such as toluene, benzene and chloroform, while vulcanised 
rubber is virtually insoluble; it is not dispersed by the solvent 
(148) 
but undergoes dilation. 
In this work, the raw and unvulcanised natural rubber with 
solubility parameter of 8.0 (cal cm-3)I is expected to dissolve in 
toluene which has a solubility parameter value of 8.8 (cal cm-3)j 
(the difference between the values is within 1 (cal cm-3 ) 
1. 
In the case of the second objective above, the effectiveness 
of this technique is based on the theory that the degree of 
swelling (the amount of solvent imbibed) of vulcanised rubber in 
a good solvent (in this case toluene) is dependent upon the 
crosslink density of the rubber networks; the greater the cross- 
link density, the lesser is the degree of swelling. 
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Determination of crosslink density: 
The Flory-Rehner equation(148) was used to calculate the 
Mc, the number average molecular weight between crosslinks, from 
solvent swelling measurements. The equation is: 
[in (1 - Vr) + Vr + xVr2]= pVo Mc-1 Vr1/3 7.9 
where Vr is the volume fraction of rubber in swollen gumstock, 
determined from weight increase on swelling, and the 
densities of rubber and solvent. 
X is the polymer solvent interaction constant (0.42 for 
rubber in toluene) 
p is the density of rubber (0.92 g/cm3 for NR) 
Vo is the molar volume of solvent (106.7 for toluene). 
and Mc is the number average molecular weight between cross- 
links (crosslink density[x] _ -) 
c 
To obtain the value of Vr above, approximately 4 mm3 of a 
vulcanisate was weighed accurately and then immersed in toluene 
at room temperature for 24 hours. At the end of immersion period 
the sample was removed, rapidly blotted with tissue and trans- 
ferred to a previously weighed stoppered sample tube. The sample 
tube containing swollen sample was then weighed to obtain the 
swollen weight of sample. The crosslink density was calculated 
based on the value of Vr obtained using equation 7.9. The experi- 
ment was repeated and an average crosslink density value was 
quoted. 
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7.3.2 Results and Discussion 
The results of this work are shown in Table 7.2. From this 
table it is observed that raw rubber, rubber containing HMT 
(heated), and rubber containing resorcinol (heated) as expected, 
all dissolved completely in toluene. This indicates that, no 
crosslinking reaction took place in the presence of either HMT 
or resorcinol individually. 
Addition of resorcinol to the rubber mix containing HMT, 
had given rise to the formation of crosslinks as indicated by 
the insolubility of the vulcanised rubber (see also photograph 
in Figure 7.6). However, due to only a small number of cross- 
links being formed, the extent of swelling is observed to be too 
excessive for the measurement of crosslink density to be made. 
Further the addition of zinc oxide and stearic acid did not have 
any effect on the swelling behaviour of the above mix. Similar 
observation was also made for vulcanised rubber consisting of 
resorcinol, sulphur, zinc oxide and t. tearic acid (see Figure 7.7). 
In this case, it is believed that the formation of crosslinks was 
entirely due to the presence of sulphur alone rather than the 
effect due to the presence of other ingredients (resorcinol, 
zinc oxide and stearic acid). This is due to the fact that, it 
has been proven 
(149) 
that crosslinks networks were formed on 
heating natural rubber with sulphur alone. The poor crosslinking 
efficiency in unaccelerated (sulphur alone) natural system above 
is attributable to incorporation of the sulphur in the forms of 
(a) long polysulphide crosslinks, (b) cyclic monosulphides with 
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TABLE 7.2: Results on Solubility in Toluene and Crosslink Density 
of Rubber vulcanised by Various Curing Systems 
Rubber + Curing 
Systems 
Solubility in 
toluene 
Crosslink 
density 
mole. g' 
of rubber 
x 10-5 
Optimum 
cure 
time 
t95 (mins) 
at 150°C 
Torque 
at 95% 
cross- 
link 
dN. m 
Rubber (SMR5) alone Soluble - - - 
Rubber + HMT Soluble - - - 
-Rubber + HMT + Coh Swollen - - - RS (resorcinol) excessively 
Rubber + Coh RS Soluble - - - 
Rubber + HMT + Swollen - - - Coh RS + ZnO + excessively 
Stearic acid 
Rubber + HMT + Swollen 4.75 39 45 
S+ZnO+ 
Stearic acid 
Rubber + HMT + Swollen 7.15 30.5 56 
Coh RS +S+ 
ZnO + St acid 
Rubber + Coh RS Swollen - - - 
+S+ ZnO + excessively 
Stearic acid 
Rubber +S+ CBS Swollen 6.3 18.3 54 
+ ZnO + St acid 
(control) 
Rubber +S+ CBS Swollen 8.8 9.5 69.5 
+ HMT + ZnO + 
stearic acid 
Rubber +S+ CBS Swollen 8.1 12.5 60.9 
+ Coh RS + ZnO 
+ Stearic acid 
Rubber +S+ CBS Swollen 9.5 11 65.5 
+ HMT + Coh RS 
+ ZnO + St acid 
310 
so-==Noun 
jo. 2 
4. 
FIGURE 7.6: Photograph of excessively swollen rubber (arrowed) 
(in toluene), cured by resorcinol-HMT system at 
150°C for 30 mins 
3n. 10 
FIGURE 7.7: Photograph of excessively swollen rubber (arrowed), 
(in toluene), cured by sulphur/resorcinol/zinc 
oxide/stearic acid at 150°C for 30 mins 
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modifications of the main chain, and (c) pendant sulphides. 
The structural feature of an unaccelerated sulphur-natural 
vulcanisate network is shown in Figure 7.8: 
(a) 
CH 131 ý 
Ci3 , H3 
CH-2 C=CH-CH=CH-CH- C -CH-CH2 
i= CH2-CH 
CH3 
I 
Main chain 
scission 
`-N, ( ) 
cy ý 
where x is between 40-45 
of sulphur atoms (4-5 for 
accelerated systems) 
a) Polysulphidic crosslink (or monosulphidic or disulphidic) 
b) Pendant sulphides 
c) Cyclic monosulphide and disulphides. 
FIGURE 7.8: Structural features of unaccelerated sulphur-NR 
vulcanisate network 
The effectiveness of hexamethylenetetramine as a sole accele- 
rator for vulcanisation of natural rubber with free sulphur can 
be observed by the fact that the test piece did not dissolve in 
toluene, and the degree of swelling is much less excessive than 
that observed previously. The ODR cure trace (Figure 7.9) has 
shown that it is a very slow accelerator, and does not give a 
high degree of vulcanisation, as indicated by quite a low value 
of crosslink density (4.7 x 10-5 moles/g of rubber as compared to 
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6.3 x 10-5 mole. g-1 of rubber) for CBS/sulphur controlled 
vulcanisate). 
Addition of resorcinol to the sulphur/hexamethylenetetramine 
system above, increases the crosslink density of the vulcanisate 
to even a higher välue than the sulphur/CBS system itself. This 
is further supported by the torque value at 95% crosslink (see 
Table 7.3). An added advantage of addition. of resorcinol to 
the compound above is the significant reduction in cure time from 
39 minutes to 30 minutes at 150°C. 
The increase in the crosslink density with the addition of 
resorcinol'is possibly due to the formation of additional cross- 
links through resin (resorcinol-formaldehyde resin) formation 
beside the sulphur-crosslinks as confirmed by the insolubility of 
vulcanisate consisting of resorcinol-hexamethylenetetramine 
system. 
The effect of hexamethylenetetramine on the already accelera- 
ted (CBS-accelerator) sulphur curing system can be clearly observed 
in Table 7.2 and the ODR cure trace in Figure 7.9. The crosslink 
density is observed to increase from 6.3 (controlled) to 8.8 
(mole g-1 of rubber) when hexamethylenetetramine was added to the 
mix. This is further evidenced by the high value of torque at 95% 
crosslink: A more dramatic effect is observed with the cure time, 
whereby, the addition of hexamethylenetetramine reduced it by 
half (18 minutes to 9 minutes) as compared to the controlled 
CBS/sulphur system. The observation made here is expected because 
hexamethylenetetramine has been well known as a secondary accelerator 
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which has a powerful activating effect(150). 
Similar effect is also observed when resorcinol alone was 
added to the vulcanisate consisting of CBS/sulphur curing system 
except that the effect was lesser than hexamethylenetetramine. In 
this case, resorcinol was also found to act as a secondary 
accelerator. 
The effect of resorcinol-formaldehyde resin on the crosslink 
density and curing characteristics of vulcanisate containing 
CBS/sulphur curing system can, also be observed in Table 7.2 and 
Figure 7.9. It can be clearly seen that, the value of crosslink 
density was found to be the highest. However, the torque at 95% 
crosslinks is observed to be slightly below that of the vulcan- 
isate containing sulphur/CBS/HMT curing system. The high level 
of crosslink density obtained above is attributed probably to 
the additional number of crosslinks formed through the resorcinol- 
formaldehyde resin (a product of the chemical reaction between 
resorcinol and HMT, mechanism to be discussed later) in additon 
to sulphur crosslinks. 
7.3.3 Reaction Mechanisms 
(1) Rubber (NR) + Sulphur + CBS (N-cyclohexyl benzothiazole-2- 
sulphenamide + Zinc Oxide + Stearic Acid (control). 
Sulphenamide accelerators as used in this research investi- 
gation, are commonly used for accelerated sulphur vulcanisation 
of natural rubber. The mechanism of sulphenamide accelerated 
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sulphur vulcanisation is extremely complex. Three reaction 
mechanisms have been postulated, namely, the polar mechanisms, 
the free radical mechanisms and mechanisms with a combined 
polar/radical nature. In this work the polar mechanism(149) 
will be discussed since it is generally accepted as the best 
way of explaining the numerous features of accelerated sulphur 
vulcanisation. 
It has been estimated that(150), the pathway of the polar 
mechanism of the accelerated-sulphur vulcanisation is as follows: 
Vulcanising ingredients (Accelerator + Sulphur + 
An4-+.. ý+...... \ 
CTCD 111 1 ný %. I vawra1 
. JI L1 %. I m Active Sulphurating Agents 
STEP (2) RH (rubber) 
Rubber-bound Intermediate Compound (R-Sy-X) 
Initial Polysulphide Crosslinks (R-Sx-R) 
Network 
naturing 
STEP (3) reactions 
(1) Crosslink shortening with additional 
crosslinking 
(2) Crosslink destruction 
(3) Main-chain modification (dehydro- 
genation and cyclic sulphide 
formation) 
(4) S-S bond interchange 
Final Vulcanisate Network Servicep 
Network 
Aged' Vulcanisate 
----- 
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Step 1: Formation of active sulphurating agents 
It is generally recognised that the initial step in sulphur 
vulcanisation is the reaction of molecular sulphur with a species 
derived from the accelerator and activators. The species is usually 
a complex of zinc berzo-thiazole-2-thiolate (ZMBT). Equation 7.10 
shows the formation of the zinc complex from the interaction 
between zinc oxide and stearic acid with sulphenamide accelera- 
tor. 
XSSX activators _ XS-Zn-SX 
(Sulphenamide (ZnO + RC02H) zinc complex (ZMBT) 
accelerator) 
where X= 
7.10 
This zinc complex is presented as XS-Zn-SX mainly for simpli- 
city of the reaction mechanism. 
ZMBT itself is sparingly soluble in rubber but is considered 
very soluble through coordination with nitrogen bases (equation 
7.11) (either added as accelerator or present in raw natural 
rubber) or zinc carboxylates. \r7R R 
a- 
NT+ 
XS-Zn-SX + 
Nitrogen X -S --X 7.11 bases 
/N 
dý+ 
iI) 
RIR R 
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XS-Zn-SX + Zinc Stearate* Zn 
ý E, --ß(II) 
I_ 
7.12 
The complexes formed in equations 7.11 and 7.12 will then 
react with sulphur to form zinc perthiomercaptides(152) which are 
believed to be sulphurating agents, this event is shown in equation 
7.13: 
s- a+a- 
X -S. _;.. Zn..... . S-X 
Y 
ý 
S/ 6 
NR3 
d- ö++ d- 
X- S- S;: ý """Zn- S-X 0 JR 
3 
(III) 
7.13 
Bateman and co-wo rkers(151), regard the fission of the S8 
ring is due to attack by nucleophilic sulphur atoms of the acce- 
lerator complexes, (equation 7.13). Up to now no adequate descrip- 
tion has been made on the zinc-sulphur bonds in the soluble 
accelerator complexes. However, it is known'that the sulphur 
atoms attached to zinc have nucleophilic properties(as implied 
in equation 7.13) and bear small formal negative charges. Further, 
the occupation of vacant zinc orbitals by external molecules such 
as amines and carboxylate ions should weaken Zn-S binding and hence 
increase the nucleophilicity of the mercaptide sulphur atoms and 
facilitate the formation of the active sulphurating agent (III). 
NR 
d+ýo 
X-S Zn_ --S -X 
*A product of the reaction between zinc oxide and stearic 
acid. 
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The sulphurating agents such as (III), which for simplicity 
can be written without nitrogen bases, will react with other 
accelerator molecules to yield a spectrum of sulphurating complex 
of varying sulphur chain length as shown in equation 7.14. 
n(XS-Zn-SX) 
X-S-S$-Zn-S-X ý X-S-SX-Zn-SX (IV) 
where x>8 X-S-SX Zn-SX 
X-S-SX-Zn-SX-S-X + X-S-Zn-S-X 
(V) 7.14 
Step 2: Formation of the Rubber-bound intermediate compound 
and its conversion into cross Tin s 
Bateman and co-workers( 
151) 
, proposed that the formation of 
the rubber-bound intermediate involves nucleophilic attack of 
a terminal perthopmercaptide sulphur atom (XS-SX-) on a carbon 
atom a-methylic or a-methylenic to the olefinic double bond, 
displacing hydrogen as a potential hydride ion, whose removal 
is assisted by the presence of a vacant orbital in the X-Sy 
system with the formation of zinc sulphide. 
Zn-"---5 
a1'ß ; S+X XSXSR + 
ZnS + HsyX 7.15 XSX- Sy 
R 
(rubber) 
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4HS X2 Zn0 2XS Zn SX+ 2H 0 7.16 y eat yy2 
Initial crosslinks may be formed either by nucleophilic 
displacement shown in equations 7.17 and 7.18 below: 
RSXSX+XS RSa +XSbx 
RSa +RSxSX RScR+XSd, etc 
T 
rubber crosslinked 
by sulphur 
7.17 
7.18 
where x=a+b in equation 7.17, and 
x=c+d in equation 7.18 
b, c and d are derived from polarization of polysulphide, P, 
i. e. P -ý R Sa(+) +R Sb(-) (equation 7.17) or R Sc+ +R Sd 
(equation 7.18). R Sa+ ,R Sb-, R Sc+ and R Sd are termed as 
"latent ion". 
Or interchange between the rubber-bound intermediate and zinc 
perthiomercaptide (equation 7.19). This is then followed by sul- 
phuration of another rubber chain (equation 7.20): 
RSXSX+XS SSRS 
+xsS SX 7.19 
followed by: 
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d++ d- 
Zri. ---- S 
dý, ' d+ RSxR + ZnS + HSxX 
RSx d+ 
Sx 7.20 
R ý. 
Step 3: The 'Maturing' of initially-formed networks 
On further heating, the initially-formed polysulphidic 
crosslinks undergo shortening and destruction as shown below 
conceptural ly: 
i) Crosslink shortening: 
ýMU.:. wwA. nM 
Sx 
Further 
head S. + 
Z1.1BT etc. 
Where, . <X 
ii) Crosslink destruction: 
I 
ea ti nL^^^^^^^n =-. = M. vý.. r S 
t 
ýtiýýý _ ýýw... nnýwý- 
SH 
x I 
. nnnýnýýnnnýnbý 
Zn0 + ZnSo 
[Accelerator-Sx-ylcomplex 
rubber 
Further crosslinks 
(main chain modification) 
ýwvýMn --_ OW%Ao%ft%4. - 
+H2 s 
x 
J[ZnS + crosslink] 
ZnO or Zn soap 
ZnS + (Sx_1) 
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(2) Rubber (NR) + HMT + resorcinol 
The possible reason for the insolubility of rubber vulcanised 
by HMT/resorcinol resin above in toluene (see Figure. 7.6) may 
be explained by the following reaction mechanisms: 
Steps: 
i) On heating at 1500C in the presence of water, hexamethylene- 
tetramine decomposes as follows 
(153) 
: 
C6H12N4 +6 H2O 
150°C 6 HCOH +4 NH 3t 
( NMT) (formaldehyde) 
ii) The formaldehyde formed in step (i) above is considered to 
react with resorcinol in the mixture to form various com- 
pounds, which by subsequent condensations, lead to different 
components of the final resin which are distinguished by 
their form and molecular size 
(153,157). The mechanism of the 
reaction is shown here (equation 7.21). 
OH 
OH ON 
150°C 
HCOH 
nu 
"" Formaldehyde , 
Resorcinol (I) 
OH 
(IV) 
X 
P 2\ 
OH (n) 
ON IHCOH 
O, H ILI 0H 
(III) 
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In this case the initial reaction products are phenol- 
alcohols probably containing predominantly l, 3-dihydroxy-2- 
methylolbenzene (I). The latter, in the first stages of 
condensation, forms, with resorcinol, tetrahydroxydiphenyl 
methanes (II) (6 isomers) and with formaldehyde or with itself 
to give monomethyloltetrahydroxydiphenyl methanes (III) (18 
isomers). It can be assumed that the combination of phenol and 
formaldehyde can take place either in ortho- or in para-position. 
Further addition of formaldehyde to structure (III) results in 
the formation of 3-poly (2 , 6-di hydroxybenzyl)-2,6-dihydroxy- 
benzylol (IV), with or without oxygen bridges, other oxide 
bridges, or methylenic bridges resulting from intermolecular 
or intramolecullar reactions. 
iii) The various resin products formed at various stages in 
step (ii) are then considered to react with the rubber 
molecule. 
The chemical reaction to form the bond between the resor- 
cinol and rubber molecular has generally been deemed to be the 
same as the phenolic resin-rubber linkages; the precise 
nature has been disputed for many years(154) . One theory is 
based on the observation that ortho-methyl ol phenol, presumably 
after elimination of water (equation 7.22) condenses with a double 
bond of natural rubber to produce chroman rin g(59,154) (equation 
7.23). 
323 
OH 
HO 
CH2OH 
2 
-CHn no, - 7, --"Z) uIWia- 14 CH Alder 
reaction 
CHI 
I 
0 
II 
7.22 
H20 
H3 
CH 
I 
Cr2 
chroman ring 
7.23 
Van der Meer 
(155) 
proposed that the vulcanisation of rubber by 
means of dimethylol phenols is explained by the conversion of the 
latter to intermediate 0-methylene quinone compounds which then 
react at the methylene group adjacent to the unsaturated carbon 
in the rubber molecules (equation 7.24). 
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OH 0 r- - --1 
HOCH2 T CH2OH HOCH2 ý CH2i HH 
ýý- CH., 
ITi 
rU 
3 
I_-° I? __J 
rH 
OH 
HOCH 
ý---- 
CH2 
I 
1 
+ 
H6H 
CH3 -ý 
qH 
Hq-H 
I 
HCH 
_ .1 
ýý 
-H i 
--CH 31 
9H HCH 
H 
HH 
0. N1--a 
Portion of rubber 
molecule 
ý-- H20 
OH 
II 
HC H CH2 ýH 
-CH3 CH3 - 1ý Cu 
Hý RC jH 
..,... HýH 
Crosslinked 
rubber 
HI CH 
. 
7.24 
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Similar mechanism is expected to take place if resorcinol-HMT 
resin was used. 
Another possible mechanism which was also proposed by Van 
der Meer 
(156) 
is shown in the following: 
CH3 
CH2OH 
N" 
I +2 CH2 C==CH--CH 
(natural rubber chain) 
7.25 
fCH2_ p- + H20 
CH3 
It is postulated that the condensed resin reacts with 
rubber accompanied by the splitting-off water (equation 7.25). 
Similar reaction mechanisms are expected to occur with the 
presence of zinc oxide and stearic acid. In this case, both 
activators are considered not to take part in the reaction 
mechanism. 
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Rubber (NR) + HMT + resorcinol + suphur + CBS + zinc oxide 
+ stearic acid 
At least three types of competing chemical reactions are 
considered to take place when the mixture was heated at 150°C, 
namely: (a) reaction between HMT and resorcinol to form 
resorcinol resin (as shown previously) which subsequently reacts 
with the rubber molecule; (b) reaction of rubber molecule with 
zinc perthiomercaptides (a result of the reaction between zinc 
oxide, stearic acid, sulphur and CBS) to form sulphur-crosslinks, 
(c) reaction between (zinc oxide + stearic acid) and hexamethylene- 
tetramine (acts as accelerator) to form complexes (probably 
zinc complexes); these zinc complexes may then react with sulphur 
to form other complexes which eventually react with rubber mole- 
cules to form sulphur crosslinks. 
Of the three chemical reactions discussed above, reaction (b) 
is believed to be dominant because of the greater portion of the 
crosislinks density obtained, (as supported by both cure meter 
trace and crosslink density results), is contributed by the acce- 
lerated (CBS) sulphur vulcanisation ('control' compound). 
The resin formed in situ (reaction between resorcinol and 
hexamethylenetetramine) in the rubber during vulcanisation process 
at 1500C was considered capable of crosslinking the rubber chains 
(judged by the insolubility of the rubber vulcanisate vulcanised 
by means of resorcinol-HMT combination - see photograph in Figure 
7.6), and provides an extra dimension in the crosslinking process 
of rubber. 
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The chemical reactions above give rise to the formation 
of an interpenetrating polymer network of different types of 
crosslinks as depicted by a generalised picture in Figure 7,10. 
l-_ S _I 
ý ý 
X 
I 
sy ý- 
where: S1 = monosulphidic links 
S2 = disulphidic links 
Sx = polysulphidic links 
Ix 
rubber chain 
FIGURE 7.10: Generalised picture of different types of crosslinks 
in a rubber network (containing RH system and S/CBS 
curing system) 
The additional crosslinks formed by the presence of resin, 
inevitably resulted in the increase in crosslink density of the 
final vulcanisate. This is indicated in Table 7.2, which shows 
that the rubber vulcanisate vulcanised in the presence of both 
accelerated sulphur and resorcinol/HMT combination has the 
highest value of crosslink density (9.5 x 10-5 mole. g-1 of 
rubber). 
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7.4 Analysis of SEM (Scanning Electron Microscope) Micrographs 
As mentioned in Chapter 3, the SEM technique i. e. by exami- 
nation of the micrographs could be a useful tool to investigate 
the effect of bonding agent on the adhesion between cellulose 
fibre and rubber matrix. 
SEM micrographs of pull-out surface of composite as shown in 
Figs. 7. llb, 7.12bindicate that the presence of resorcinol- 
hexamethylenetetramine bonding system give good adhesion between 
woodcellulose fibres and rubber. This can be clearly seen when 
comparing the various micrographs in Figures 7.11(a) and 7.12(a) 
(without bonding system) and Figures 7.11(b) and 7.12(b) (with 
RH bonding system). In terms of rubber coverage on fibre, it 
is evident that for the system containing RH bonding agent, the 
fibres are well covered by rubber indicating a good adhesion 
between cellulose fibres abd rubber. In contrast, for the system 
without bonding agent, bad adhesion between fibres and rubber is 
evident, as indicated by a gap (arrowed) between the fibre and 
rubber matrix, and rubber coverage in fibre is not observed. 
The observation made above, provides a good support for the 
restricted equilibrium swelling property and other physical 
properties obtained in Chapter 4, which were interpreted as indi- 
cating that bonding had occurred, all of which can be explained 
by this bonding mechanism, as discussed in the preceeding dis- 
cussion. 
In addition, the SEM micrographs also give a good indication 
of fibre orientation in the composite. Micrographs in Figures 
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FIGURE 7.11(a): Micrographs of pull-out surface of woodcellulose 
fibres in NR without bonding system, showing lack 
of adhesion between the two components and also 
fibre orientation direction (X200 magnification) 
(20% v/v of ýbres) . 
FIGURE 7.11(b): Micrographs of pull-out surface of woodcellulose 
fibres in NR with RH bonding system, showing good 
adhesion, as indicated by good rubber coverage on the 
fibres. Also showing the direction of fibre orientation. 
(X200 magnification) (Zo"/b \, lv of r'b, es) 
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ý I 
FIGURE 7.12(a): Micrographs of pull-out surface of woodcellulose 
fibre in NR without bonding system, showing lack of 
adhesion as indicated by a large gap between the fibre 
and rubber (arrowed) (X1000 magnification) 
(2o% 
vf of jii). l) 
FIGURE 7.12(b): Micrographs of pull-out surface of woodcellulose fibre 
in NR with RH bonding system, showing a good adhesion 
between the two components as indicated by good rubber 
coverage on the fibre and no gap is observed (arrowed) 
(X1000 magnification) (2o% vjk of )C-6ror) 
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7.11(a) and (b) show clearly the orientation of fibres in the 
longitudinal direction (machine direction). 
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CHAPTER 8 
GENERAL DISCUSSION AND CONCLUSION 
8.1 Introduction 
The present research work was carried out with the objective 
to study the effect of one particular type of woodcellulose fibre 
on the properties of natural rubber vulcanisate, in order to use 
it as a filler for rubber, which would be able to give rubber 
composites of good physical and mechanical properties at a redu- 
ced cost. It was also an objective of the present work to com- 
pare the rubber composite made from this fibre with the rubber 
composite/compound filled with other types of fillers (both parti- 
culate and short-discontinuous fibre-forms) on the basis of 
physical properties and cost. 
8.2 Bonding Criteria 
The 'Restricted Equilibrium Swelling' was established to 
be an effective and useful technique to measure the degree of 
adhesion between the woodcellulose short fibre (mechanical type) 
and rubber. In addition, physical properties, in particular the 
tear strength and the yield stress, and also the SEM micrographs 
were found to be useful tools to supplement the above swelling 
technique for the measurement of the degree of adhesion. Together 
they form a good and effective combination of properties which 
can be employed as criteria for determination of degree of adhesion 
between short woodcellulose fibre and rubber. 
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8.3 Selected Bonding System and Optimization 
Results in Chapter 4, show that the resorcinol-hexamethy- 
lenetetramine bonding system was considered to be the most effec- 
tive bonding agent to cause good adhesion between woodcellulose 
short fibre (mechanical type) and natural rubber matrix. Further 
investigation to optimise the level of combination of resorcinol/ 
hexamethylenetetramine bonding system was carried out by utilising 
a combination of both statistical and computerised techniques. 
The techniques which resulted in contour graphs of various 
properties of the rubber composites were found to be effective 
and useful for optimization of level of combination of various 
components (in this case resorcinol and hexamethylenetetramine) 
to achieve certain desired properties. These techniques were not 
only useful for the present research, but are also considered 
useful in other areas of compounding of rubber, where a contour 
graph has to be generated in order to systematically investigate 
the interaction of properties, as they are affected by the levels 
of combination of compounding ingredients. For instance, to obtain 
a rubber compound which has 30% compression set value, 400% elon- 
gation at break and 15 MPa of tensile strength by varying the 
activator and accelerator concentration. 
The statistical and computerised techniques adopted in this 
research work offer a specific advantage over that of the conven- 
tional method used by rubber technologists which involves producing 
contour graph diagrams; whereas in the conventional method this 
is achieved by joining the data points by hand(167), in the 
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technique used here, the desired contour graphs were obtained 
by feeding the data points into the chosen computer system. When 
a large number of data points are involved, the latter techniques 
save time and give results with a greater accuracy. 
Using the above optimization technique, and based on the 
combination of properties considered as bonding criteria, namely, 
Vr value, tear strength and yield stress and also cost factor, a 
4 parts and 3 parts level of combination of resorcinol (Cohedur RS) 
and hexamethlenetetramine respectively was found to be optimum. 
The resorcinol-hexamethylenetetramine bonding system, espe- 
cially when used in conjunction with hydrated silica, has been 
used for sometime', but the mechanism by which this system works 
in creating the adhesion between fibres and rubber matrix is far 
from clear. Results of experiment as described in Chapter 7, 
indicate that there was some form of interaction between the 
resin (formed through the reaction between resorcinol (Cohedur 
RS) and hexamethylenetetramine) and woodcellulose fibre. This is 
evident by reduction of the ratio of absorbance between -OH and 
-CH groups after the woodcellulose fibre was heated at 150°C in 
the presence of resorcinol and hexamethylenetetramine, and also 
by the greater pull-put force (which indicates a greater bond 
strength), when debonding the rayon fibre which had adhered to 
the rubber matrix- containing the resorcinol-hexamethylenetetramine 
bonding system as compared to specimen containing no-bonding agent. 
The use of rayon fibre in long continuous form as a model fibre, 
was considered necessary for the determination of bond strength 
JJ5 
and for the model adhesion studies, because with the woodcellu- 
lose fibre which is in a short discontinuous form, the measurement 
of bond strength property and observation of rubber coverage was 
not able to be made. 
A reasonably satisfactory adhesion achieved between the 
rubber matrix and woodcellulose fibre through resorcinol-hexamethy- 
lenetetramine system as indicated by the low value of Vr (volume 
restriction) and high values of tear strength and yield stress was 
rather expected, due to the fact that the cellulose molecules of 
woodcellulose fibre are characterized by a high proportion of 
-OH groups which are conducive to good adhesion. On the other 
side, the natural rubber is known to be reactive towards the 
resorcinol-resin produced in, the reaction as it has been proven 
by the insolubility in toluene of the vulcanisate, vulcanised by 
means of resorcinol-hexamethylenetetramine system. The details 
of the bonding and vulcanisation mechanisms were described in 
Chapter 7. 
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8.4 The Effect of Woodcellulose Fibre (Mechanical Type) and its 
Varying oncentra ions on the Processing and Physical Prö er- 
ties of Natural Rubber Compound 
The effect of woodcellulose fibre (mechanical type) and its 
varying volume concentration on the processing and physical proper- 
ties of the rubber compound show some interesting features. 
Mixing and milling difficulty of the rubber composite contai- 
ning the woodcellulose fibre was observed when the fibre volume 
concentration reached 50% and more; at this point the composite 
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became stiff and boardy. Thus, the 50% v/v of fibres can be 
considered as the limit of processability of the material. 
The difficulty experienced in mixing the composite containing 
50% v/v or more of woodcellulose fibres is attributed to the 
dramatic increase in Mooney viscosity as the fibre volume was 
increased from 40% to 50%. It is interesting to mention that 
the increase in Mooney viscosity on increasing the volume concen- 
tration from 0% to 30-40% was only gradual as opposed to the 
sharp increase when the fibre volume concentration was increased 
to 50. % or more (see Figure 5.1). A relatively low viscosity of 
the vulcanised composites containing 40% volume concentration of 
fibre or less means a low power requirement during the processing 
of these composites, and in turn lead to lower processing cost. 
Another advantage offered by this system is the shorter cure 
time and cure rate as compared to the rubber compound without 
woodcellulose fibre. This, of course, means that the processing 
cycle (time) is shorter. The combination of the two factors above 
make the rubber-woodcellulose fibre composite look economically 
attractive. 
The tensile stress-strain characteristics, observed with the 
rubber-woodcellulose fibre composite, is another interesting feature 
that arose from the present research. The strain behaviour of the 
rubber composite in responding to the stress applied varies with 
varying fibre concentrations. The stress-strain characteristics of 
the material were observed to change from a curve typical of rubber 
vulcanisate when there was no fibre added (0% v/v) to a curve typical 
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of a brittle plastic as the fibre volume was increased to 60%. 
The most drastic change was observed between 10% v/v to 20% v/v 
of fibre in the composite. The observation made on the stress- 
strain characteristics of these composites studied may provide a 
good guide to a rubber product designer in deciding which compo- 
site is to be used for a certain product. 
The relationship between tensile strength property of the 
composite and the woodcellulose fibre concentration is different 
from that observed in the case of: 
a) The effect of particulate fillers (reinforcing and non- 
reinforcing) concentrations on the tensile strength property 
of rubber compound 
(5,7) 
b) The tensile strength-short fibre (glass for example) concen- 
tration relationship of plastic materials(141) 9 
or 
c) The tensile strength-fibre concentration relationship of 
rubber composites filled with other types of short fibres 
(12,21,23,25). 
The result obtained in this work shows a slight initial 
increase in the tensile strength value at low fibre concentration 
(5% v/v), followed by a drastic reduction in the value on a further 
increment of fibre volume concentration until it reached a minimum 
level which corresponds to 20% v/v of fibres. Beyond this point, 
the value of tensile strength increased with further increment of 
the fibre volume concentration. The existence of a maximum point 
was not observed because the limit of processability of the material 
338 
was reached at about 50-60% v/v of fibres as indicated earlier. 
The reason for an initial reduction of tensile strength at low 
fibre volume concentration and also the rise above the minimum 
point at a higher level of fibres has been explained elsewhere(21,142), 
However, the slight increase in the value at a fibre volume of 5% 
has not been observed elsewhere. The author, attempted to explain 
such behaviour in Chapter 5, that at a very low fibre concentra- 
tion, the mechanical woodcellulose fibre which has a wide range 
of fibre length and diameter may act as a reinforcing particulate 
filler, similar to the effect for HAF black in natural rubber 
compound. It is also noted that, a slight increase in the value 
of tensile strength at 5% v/v of fibre may be advantageous, due 
to the fact that the high value of tensile strength property 
coupled with reasonably high level of elongation at break, modulus, 
hardness and also-tear strength (see later) would make this com- 
posite a technologically attractive material in applications 
where high level of these properties are desired. 
In the elongation at break property a drastic reduction was 
observed as the volume concentration of woodcellulose fibre was 
increased from 0% to 20%; beyond which the reduction in value 
was only gradual on reaching the equilibrium values at between 
30% v/v of fibres or more. It seems that the 20% v/v of fibres 
is the transition point in this case. 
Among various advantages of addition of woodcellulose fibre 
is the improvement obtained in the tear resistance property of 
the rubber composite. Greater improvement was observed with 
increasing the volume concentration of fibres. 
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As expected the hardness of the rubber-composite was found 
to increase with increasing addition of woodcellulose fibre 
(mechanical type). The curve showing the relationship between 
hardness value and fibre volume concentration (Figure 5.13) is 
identical to that of yield stress (Figure 5.11)where a sharp 
increase in values were observed as the volume concentration of 
fibres was increased from 0% to 20%. Beyond the 20% fibre volume, 
the rise was observed to be gradual. It is interesting to relate 
the observation made here with that of elongation at break above, 
where it is found that the drastic reduction in elongation at 
break up to a fibre volume concentration of 20% and the gradual 
decrease beyond this level, corresponds very well with the sharp 
or drastic increase of hardness and yield stress up to 20% v/v 
of fibres, and a gradual rise beyond this level respectively. 
Based on this observation, it can be considered that 20% v/v of 
fibre is the transition level in terms of its effect on the 
physical properties of the rubber composite. 
One of the reasons for the incorporation of short fibres in 
a rubber compound is to enhance its modulus to a level which cannot 
be achieved by particulate fillers. This is due to the high aspect 
ratio of short fibres. The effectiveness of woodcellulose short 
fibre (mechanical type) in enhancing the Young's modulus of 
rubber compound is clearly evident by the results obtained in this 
work. The Young's modulus was observed to increase with increasing 
the fibre volume concentration. Initially, the increment was 
gradual (but significant) as the volume concentration was increa- 
sed to 20%. However, as the volume concentration was increased 
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further, a sharper increase in Young's modulus was observed. 
When comparing between the plot of theoretical Young's modulus 
and experimental Young's modulus versus fibre volume concentra- 
tion a good correlation up to 30% v/v of fibres was observed; 
beyond which increasing divergence occurred. The theoretical 
value of Young's modulus was found to be always greater than the 
experimental Young's modulus above 30% v/v of fibres loading. 
Possible reasons for such observation have been explained in 
Chapter 5. 
Similarly, the swelling resistance of rubber compound in 
toluene was improved by the presence of woodcellulose fibre. The 
degree of improvement was found to be dependent on both the 
volume concentration of woodcellulose fibre and also the direc- 
tion of fibre orientation. In both longitudinal and transverse 
directions, a sharp improvement was observed when 5% to 20% v/v 
of fibres was added. Further addition of woodcellulose short 
fibre improved the swelling resistance of the composite in toluene 
only slightly. The greater improvement of swelling resistance of 
composite in the longitudinal direction as compared to the 
transverse direction (when the volume concentration of fibres was 
more than 5% v/v) demonstrates that, the swelling of composite 
was anisotropic. This anisotropic property that the composite 
possessed is due to the direction of orientation of fibres along 
the longitudinal direction is deliberately achieved during 
milling and compression moulding of the composite. Other 
properties (Young's modulus, tensile strength and elongation at 
break %) tested provide further evidence of the anisotropic 
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property of the composite. Visually, the SEM micrographs of 
cut surface of NR composite containing 20% v/v of fibres support 
the above explanations. 
The time-dependent property of the composite studied was 
also found to be dependent on the volume concentration of wood- 
cellulose fibre (mechanical type). The compression set percentage 
was observed to increase linearly with increasing fibre concen- 
tration. In contrast, the creep property improved with the 
addition of woodcellulose fibre; a large improvement was obser- 
ved as the fibre volume concentration was increased from 0% to 
20%. Further increments of volume concentration of woodcellulose 
fibre improved the creep percentage only slightly. 
Results obtained on the fatigue life of the rubber composites 
studied were interesting. Cycles to failure were found to be 
dependent both on the stress applied and fibre concentration. 
With the exception of the test piece tested at 4 MPa stress, all 
other samples (applied stress between 1-3 MPa) a curve of cycles 
to failure versus fibre concentration shows a peak at approximately 
10-20% v/v of fibre. This observation indicates that the fatigue 
life improved when the concentration of woodcellulose fibre was 
increased from 0% v/v to 10-20% v/v provided that the applied 
stress is 3 MPa or less. This stress can be considered as a 
critical or limiting stress which determines whether fatigue 
life was improved or not. This is due to the fact that when the 
applied stress was increased to 4 MPa, the fatigue life deterio- 
rates with increasing addition of woodcellulose fibre. A plot of 
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strain versus cycles to failure shows that, at a given fibre con- 
centration, the fatigue life improved with decreasing the level of 
strain until a limiting strain was reached; a strain level below 
which the fatigue life is very long (ultimate fatigue life) and 
above which the fatigue life is short. The value of limiting 
strain level was found to decrease with increasing fibre con- 
centration due to the reduction in elongation at break of the 
composite containing woodcellulose fibre. The results obtained 
above could provide a guideline for the designer of a rubber 
product of the maximum level of strain or stress that can be 
imposed on the rubber-composite containing various concentrations 
of fibres. 
Heat ageing properties of the rubber composite studied were 
found to be generally good. With the exception of composite con- 
taining 5% v/v of fibres, the value of tensile strength of other 
composites was found to increase as a result of heat ageing at 70°C 
for one week. The gain in tensile strength property of the compo- 
sites above could perhaps be attributed to chemical bonding and 
vulcanisation reactions taking place between woodcellulose fibres 
and resin, and also between rubber chain and resin respectively. 
As expected, hardness value increased, while elongation at break 
percentage decreased for all composites studied as a result of 
heat ageing. This is due to the fact that heat ageing causes an 
increase in the stiffness of rubber compound/composites. 
In certain applications of rubber compound in the rubber 
industry, for instance in a lorry tyre, it has been a normal 
practice to place a 'belt' or a hard rubber compound between the 
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tread and inner tube to act as a puncture resistance component. 
In such circumstances, it is important to carry out a test for 
the puncture resistance (or sharp object penetration resistance) 
of the compound to be used. In this work, a special test was 
devised and carried out, using the Hounsfield Plastics Testing 
machine where a needle having dimensions as described in Chapter 
5 was attached to the tup provided. An advantage of using the 
above appratus is that, the energy level to cause penetration can 
be controlled and varied by using different tups provided. Due 
to the above reason, the test carried out above is considered 
to be effective for the mentioned objective. The results obtained 
show that at any given energy level, the sharp object penetration 
resistance of composites improved significantly with increasing 
volume concentration of woodcellulose fibre (mechanical type). 
While as expected at any given volume concentration of fibres, the 
penetration resistance (as indicated by the penetration length) 
deteriorates with increasing level of energy. Observations made 
above indicate clearly that incorporation of woodcellulose fibre, 
offers a distinct advantage with regard to sharp object penetration 
resistance (puncture resistance) of the rubber composite. 
This discussion would not be complete without a mention on 
the specific gravity or density of the rubber compound/composite. 
This arises from the fact that the specific gravity is an impor- 
tant physical property which is related indirectly to the cost factor 
of the rubber products made from this composite. Generally, it has 
been a normal practice in the rubber industry that the raw materials 
are bought by weight basis, whereas the final products are sold by 
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volume basis. By virtue of specific gravity or density is 
weight divided by volume, it follows that at a given weight, 
a low value of specific gravity or density means a high value 
of volume and this results in more profit when selling the 
final products. 
Results obtained in the present research show that the 
specific gravity of the rubber composite increases proportionally 
with increasing fibre concentration. From the plot of specific 
gravity versus, fibre concentration (a straight line) it was 
found that for every 1% v/v increase in woodcelullose fibre there 
was an 0.002 unit increase in specific gravity (or 0.2 unit 
increase for every 10% v/v of fibres). One interesting feature 
of the woodcellulose fibre-rubber composite studied is that the 
specific gravity or density is much lower than that of the rubber 
compound containing particulate fillers such as carbon black, 
silica VN3 and ground whiting (see later). This is attributed to 
the lower specific gravity of woodcellulose fibre as compared to 
particulate fillers. Based on the theory that the lower specific 
gravity means a greater volume at a given weight, the relatively 
lower specific gravity observed with woodcellulose fibre-rubber 
composite is an additional advantage in terms of lowering the 
cost of the final products. 
8.5 Advantages of Woodcellulose Fibre (Mechanical Type) Over 
sta is she Types o Fillers 
In order for the woodcellulose fibre to be considered useful 
in terms of enhancement of certain physical properties and also 
economically viable, it is essential to compare its effect on some 
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properties of natural rubber vulcanisate with other types of 
fillers (particulate and short fibre forms). 
Results as discussed in Chapter 6, show some interesting 
features. With respect to curing characteristic, as expected it 
was found that silica-filled rubber compound has the longest 
cure time, followed by Santoweb 'D', whiting, Pangel (magnesium 
silicate) and the mechanical woodcellulose fibre filled rubber 
compound/composites. In contrast the silica and Pangel-filled 
rubber compounds were found to possess the shortest scorch time 
(2 minutes), while the Santoweb 'D'-filled rubber composite has 
the longest scorch time. The rubber composite filled with wood- 
cellulose fibre (mechanical type) was found to have a scorch time 
(at 150°C) in between these two extremes. The result above indica- 
tes that the 'mechanical' woodcellulose fibre-filled rubber compo- 
site has an advantage over other fillers-filled rubber compounds/ 
composites in terms of it possessing short curing cycles combined 
with a reasonable period of processing safety. The maximum change 
of torque data which is considered significant for enhancement 
of modulus, shows that the rubber composite containing the 'mech- 
anical' woodcellulose fibre was found to have the highest value, 
followed in order by silica, Pangel, Santoweb 'D' and ground 
whiting-filled compounds/composites. This finding indicates that 
woodcellulose fibre (mechanical type) is the most effective filler 
for the enhancement of modulus of rubber. 
The tensile strength data in Chapter 6 shows that the silica 
(Ultrasil VN3) filled-rubber compound has the highest value 
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followed by Pangel, whiting, 'mechanical' woodcellulose fibre and 
with the least being the Santoweb 'D'-filled rubber-composite. 
However, it was observed that the tensile strength of all the 
filler-filled compounds/composites are lower than that of the 
'control' gumstock compound. The result above suggests that, all 
the fillers studied did not have a reinforcing effect on the 
tensile strength property of natural rubber. This is due to the 
fact that, natural rubber is a strain-crystallisable rubber whose 
gumstock (unfilled) strength is already high. 
Measurement of modulus at 100% and 200% strain are useful 
due to the fact that in most applications, rubber products are 
subjected to low strain levels rather than high strain levels. 
Based on the result of the experiment carried out, it was found 
that all types of fillers used, increased the value of both 
modulus at 100% (M100) and modulus at 200% strain (M200). Both 
particulate fillers (silica VN3 and ground whiting) increased the 
modulus values relatively slightly, while, as expected, all the 
three fibre-form fillers (mechanical woodcellulose fibre, Pangel 
and Santoweb '0'), increased the values of M100 and M200 signifi- 
cantly. The result indicates that fillers in fibre-form are more 
effective than particulate fillers for modulus reinforcement. 
Among the fibre-form fillers, the ground woodcellulose fibre (mech- 
anical type) was found to be most effective, followed in order by 
Pangel and Santoweb V. Modulus results obtained confirm the 
result of the oscillating disc rheometer that woodcellulose fibre 
(mechanical type) was observed to cause the greatest effect in 
increasing the value of maximum change of torque (ALmax) of the 
rubber compound. 
347 
Observations made above imply that woodcellulose fibre 
(mechanical type) has a greater advantage over other types of 
fillers for modulus reinforcement of the rubber compound. 
Similarly, woodcellulose fibre (mechanical type) and 
Pangel, were found to give the highest value of Young's modulus 
and hardness, followed in order by Santoweb 'D' and silica 
(Ultrasil VN3). Ground whiting, despite the fact that the largest 
amount was used in terms of weight (by virtue of its high specific 
gravity, to obtain equivalent percentage by volume loading i. e. 
20%) gave the lowest value of both Young's modulus and hardness. 
This is not surprising because ground whiting is known to be an 
inert or non-reinforcing type of filler. 
Based on the above results, the ground woodcellulose fibre 
and Pangel are considered to be the most effective fillers for 
reinforcement of modulus at 100% and 200% strain (M100 and M200)' 
Young's modulus and hardness. 
8.6 Cost Consideration 
Apart from the enhancement of certain properties of a rubber 
compound, the cost factor is equally important when considering 
the utilisation of woodcellulose fibre as a filler for natural 
rubber. 
Consideration of the cost factor can be approached in various 
ways, namely: by weight basis, by volume basis and on the basis 
to achieve an equivalent property. Results are shown in Tables 
8.1 and 8.2. and details of the calculation are given in Appendix 5. 
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8.6.1 Weight Basis 
By weight basis, it is found that the cost per gram of rubber 
composite containing woodcellulose fibre (mechanical type) reduces 
with increasing the volume concentration of fibres. Similarly, the 
relative cost by weight basis (taking the cost/gm for 0% v/v of 
fibre concentration as 100) is found to reduce with increasing 
fibre volume concentration. The reduction in the cost 'by weight 
basis' is attributed to the lower raw material cost of woodcellu- 
lose fibre as compared to the cost of rubber itself. In fact, 
to achieve cost reduction of the rubber compound has long been 
one of the objectives for the incorporation of fillers. 
When comparing the different types of fillers, it is observed 
that only with the exception of Santoweb 'D', all other fillers 
studied reduce the cost/gram and relative cost (by weight basis) 
of the rubber compound (also see Figure 8.1). The highest cost/ 
gram and relative cost of the compound/composite are obtained with 
the Santoweb 'D' - filled. composite followed in order by woodcellu- 
lose fibre (mechanical type), silica, Pangel and finally, as 
expected, by ground whiting. Addition of carbon black into the 
composite containing woodcellulose fibre (mechanical type) reduces 
the cost even further; the cost is much lower than the silica 
and Pangel-filled rubber compound/composite. 
8.6.2 Volume Basis 
The significance of considering the cost factor 'by volume 
basis' arises from the fact that, generally in the rubber industry 
raw materials are bought by weight basis but the final products 
are sold on a 'by volume basis'. 
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FIGURE 8.1: Histogram of Relative Cost 'by Weight' Basis 
for Composite Filled with Different Types of Fillers 
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FIGURE 8.2: Histogram of Relative Weight Cost 
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Similar to the result of cost by weight basis, increasing 
fibre concentration reduces the cost by volume basis in terms of 
both cost per cubic centimetre and the relative cost (by volume basis) 
with reference to the rubber compound without woodcellulose fibre. 
However, when comparing-against cost by weight basis, it is 
observed that at any given level of fibre volume concentration, 
the cost 'by volume basis' is higher. This is attributed to the 
specific gravity or density (assuming the S. G. of water = 1) of 
the rubber composite being greater than unity. By virtue of 
the fact that density = weight weight , it follows that, when the den- vo ume 
sity (or S. G) is greater than unity, greater unit weight is requi- 
red to give equal volumes of the rubber composite. For example, 
in the case of rubber composite containing 5% v/v of fibre (S. G. 
= 1.05, refer to Table 8.1), 1.05 gm weight is required to obtain 
1 cm3 volume of the composite. Because the raw materials are 
bought in 'by weight basis', greater weight, leads to higher cost 
in terms of a unit volume. From Table 8.1, dividing the cost by 
weight basis (0.0875 P/gm) by the specific gravity (1.05), gives 
the cost by volume basis of 0.0919 P/cm3 (if S. G. = 1, cost 'by 
volume basis' and 'by weight basis' are equal). 
The above argument also provides the reason for the greater 
cost per volume basis as compared to cost per weight basis for 
all the composites-filled with the different types of fillers 
studied. The lower cost per volume basis as compared to cost 
per weight basis in the case of gumstock (unfilled) which has a 
specific gravity of 0.974 (< 1), is consistent with the above 
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explanation regarding the influence of specific gravity on the 
cost factor. The effect of fillers on the cost'by volume basis' 
of the rubber compoubd/composite is found to be dependent on 
their types. Santoweb 'D', followed by Pangel and Silica VN3 
(in order of reducing cost), are found to raise the cost per 
volume, while woodcellulose fibre (mechanical type) followed 
by ground whiting caused a reduction in the cost 'by volume 
basis', both in terms of cost per volume (cm3) and also the rela- 
tive cost with reference to cost for volume of gumstock ('control' 
rubber compound. The lower cost by volume basis of the rubber 
composite-filled with woodcellulose fibre (mechanical type) as 
compared to the 'control' compound and compounds/composites 
containing other types of fillers is advantageous because the 
rubber products are normally sold on a'by volume' basis. 
8.6.3 Relative Cost to Achieve Equivalent Property 
In addition to cost by weight and volume basis, it is also 
essential to consider the relative cost on the basis of achieving 
an equivalent property, such as typified by tensile strength, 
M100, M200' Young's Modulus, hardness and tear strength. 
8.6.3.1 Tensile strength 
The relative cost to achieve equivalent tensile strength of 
rubber composite is found to be dependent on the fibre concen- 
trations. At 5% v/v, 50% v/v and 60% v/v of fibre concentrations, 
the relative cost as compared to 'control' (0% v/v concentration) 
was found to reduce. While, addition of 10%, 20%, 30% apd 40% v/v 
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of fibre volume concentrations, increased the relative cost of 
the composite. Composites containing 60% and 20% v/v of fibre 
concentrations, - are found to have the lowest and highest relative 
cost respectively. It is interesting to mention that the highest 
relative cost corresponds to the occurrence of the minimum point 
of the tensile strength-fibre concentration curve, while the 
lowest relative cost corresponds to the composite possessing the 
highest value of tensile strength (Figure 5.8). 
Only with the exception of ground whiting, and silica VN31 
all other fillers investigated, increased the relative cost to 
achieve equivalent tensile strength. Santoweb 'D' is found to 
increase the relative cost the most, followed in order by wood- 
cellulose fibre (mechanical type) and Pangel. Nevertheless one 
should be cautious in making any conclusion based on the result 
above, because the comparison was made only at 20% fibre volume 
concentration but not at other concentrations. Furthermore, in 
Chapter 5 (see Figure 5.8), it can be seen that for woodcellulose 
fibre (mechanical type ), the minimum value of tensile strength 
occurred at 20% v/v concentration. 
8.6.3.2 Modulus at 100% and 200% strain (M10 a0 nd M200) 
All types of fillers studied are found to reduce the relative 
cost to achieve equivalent M100 and M200. Woodcellulose fibre 
(mechanical type) and Pangel are found to be the most effective 
for cost reduction followed by Santoweb 'D', silica VN3 and, the 
least effective, being ground whiting. In general, it can be 
said that fibre-form fillers are more effective than particulate- 
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form fillers in terms of relative cost reduction to achieve 
equivalent M100 and M200 values in the rubber compound. This can 
be clearly observed in the result presented in the form of 
histogram as depicted in Figure 8.2. 
8.6.3.3 Young's modulus 
The relative cost to achieve an equivalent Young's Modulus 
is found to reduce with increasing fibre volume concentration. 
In Table 8.1 (also histogram in Figure 8.3), it can be clearly 
observed that the relative cost reduced enormously; for instance 
it reduced from 100 to 1.4 (about 70-fold reduction) when fibre 
concentration was increased from 0% to 60% v/v. This relative 
cost reduction is considered beneficial if one is looking for a 
rubber compound/composite which can give a high Young's modulus 
at relatively low cost. 
Similar to the result obtained in the case of M100 and M200' 
all types of fillers are found to cause a reduction in relative 
cost to achieve equivalent Young's modulus. Again, it is observed 
that woodcellulose fibre (mechanical type) and Pangel are the most 
effective, followed in order by Santoweb 'D', silica VN3 and the 
least effective being ground whiting. This result indicates that 
in general fibre-form fillers are more effective than particulate 
fillers in causing a reduction in relative cost to achieve the 
equivalent Young's modulus. 
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8.6.3.4 Hardness 
As expected increasing the addition of woodcellulose fibre 
(mechanical type) is found to reduce the relative cost to achieve 
an equivalent hardness of the composite. 
Similarly, all types of fillers are found to reduce the 
relative cost to achieve equivalent hardness; again woodcellulose 
fibre (mechanical type) and Pangel are the most effective, followed 
in order by ground whiting, silica VN3 and the least in terms of 
cost effectiveness being Santoweb V. 
8.6.3.5 Tear strength 
Addition of woodcellulose fibre (mechanical type) in any 
proportion into the rubber compound, reduced the relative cost 
to achieve an equivalent tear strength. The effectiveness of the 
reduction is found to increase with increasing fibre volume con- 
centration (see histogram in Figure 8.4). 
Apart from woodcellulose fibre (mechanical type) and with the 
exception of Santoweb 'D' other types of fillers studied are also 
found to reduce the relative cost to achieve an equivalent tear 
strength. The silica-filled rubber compound is found to have the 
lowest relative cost, followed in order by woodcellulose fibre 
(mechanical type), Pangel and ground whiting-filled rubber compounds/ 
composites. Not surprisingly the rubber composite filled with 
Santoweb 'D' is found to have the highest relative cost (greater 
than the gumstock itself) to achieve an equivalent tear strength. 
This is due to the fact that the price of Santoweb 'D' is very high 
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as compared to other types of fillers, but its addition only 
caused a small increase in tear strength property of rubber com- 
pound (unfilled-gumstock). 
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CONCLUSION 
On the basis of the experimental results and discussion 
the following conclusions are drawn: 
1. The 'Restricted Equilibrium Swelling' has been established 
as an effective and useful technique for the measurement 
of the degree of adhesion between the woodcellulose short 
fibre and rubber. 
2. Based on the above technique coupled with the results of 
physical properties namely, yield stress and tear strength, 
the resorcinol-hexamethylenetetramine bonding system was 
found to be the most effective among other systems studied 
to achieve good woodcellulose fibre-natural rubber adhesion. 
3. A combination of both statistical and computerised techniques 
are found to be useful and effective tools for optimization 
of level of resorcinol (Cohedur RS) hexamethylenetetramine 
combination: a combination level of 4 parts and 3 parts were 
obtained. These techniques are not only useful for the present 
research but are also considered useful in other areas of 
rubber compounding as well. 
4. Based on the results obtained in Chapter 7, it is considered 
that some form of chemical interaction took place between the 
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R-F. resin and woodcellulose fibre. On the other side, the 
chemical reaction/interaction between natural rubber matrix 
and R-F resin is clearly evident by the insolubility of 
rubber vulcanised by R-F resin. 
5. The effect of incorporation of woodcellulose fibre and its 
varying volume concentrations on the properties of natural 
rubber compound are summarised as follows: 
i) The tensile stress-strain characteristics i. e. the strain 
behaviour of the rubber compound/composite in responding 
to the stress applied was found to be dependent on the 
concentration of fibre. From a curve typical of 
rubber vulcanisate, it changed to a curve typical of 
a brittle plastic when the concentration was increased 
from 0% v/v to 60% v/v of fibres. Tensile strength 
and elongation at break properties are also found to 
be dependent on the fibre volume concentration. The 
result obtained shows a slight initial increase in the 
tensile strength value at low fibre concentration 
(5% v/v) followed by a drastic reduction in the value 
on a further increment of concentration until a minimum 
value was reached which corresponds to 20% v/v of fibre. 
Beyond this point, the value of tensile strength increa- 
sed with further increment of volume concentration. 
In the elongation at break property a drastic reduction 
was observed as the volume concentration of woodcellulose 
fibre was increased from 0% to 20% v/v; beyond which the 
reduction is only gradual. 
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ii) One of the advantages of incorporation of woodcellulose 
fibre in the natural rubber compound is found to be the 
enhancement of its modulus (stress at low strain) and 
hardness to a level which cannot be achieved with 
particulate fillers when added in similar quantity. 
Modulus, in particular Young's Modulus, was found to 
increase with increasing fibre concentration; gradual 
increase initially (up to 20% v/v of fibre) followed 
by a sharp increase when the volume concentration was 
increased further; above 20% v/v of fibre. Comparing 
between the curves of theoretical-and experimental 
show that a good correlation up to 30% v/v of fibre 
was observed; beyond which increasing divergence 
occurred. 
iii) Fatigue life property tested at a fixed stress of 
1.5 MPa improves with increasing fibre volume concentra- 
tion. 
iv) A significant improvement in the resistance to the 
sharp object penetration is another advantage observed 
with the natural rubber composite containing woodcellu- 
lose fibre (mechanical type). The improvement was found 
to increase with increasing fibre concentration. The 
result indicates that this composite can possibly be 
utilised as a 'belt' in a lorry tyre, where penetration 
resistance to a sharp object: is required. 
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vi) A swelling resistance of rubber compound in solvent 
(in this case toluene) was also improved by the 
incorporation of woodcellulose fibre. The greater 
improvement observed of the swelling resistance in 
the longitudinal direction as compared to the trans- 
verse direction demonstrates the anisotropic behaviour 
of the natural'rubber composite containing woodcellulose 
fibre. 
6. When comparisons were made between various types of available 
fillers (fibre and particulate-forms), it was found that 
fibre-form fillers (mechanical woodcellulose fibre, Pangel 
and Santoweb 'D') are more effective in modulus enhancement 
that particulate'fillers (Silica VN3 and ground whiting). 
Between the fibre-form fillers, woodcellulose fibre (mecha- 
nical type) is most effective in modulus enhancement. 
7. Cost advantages achieved by the incorporation of woodcellulose 
fibre (mechanical type) in the natural compound is clearly 
evident based on the result of cost comparison in Chapter 8. 
Both relative costs 'by weight basis' and 'by volume basis' 
are found to reduce with increasing fibre volume concentra- 
tion. In addition, relative costs to achieve equivalent 
Young's modulus, hardness and tear strength are also found 
to reduce with increasing fibre concentration. While for 
tensile strength property reduction in relative costs is found 
to reduce only at fibre volume concentration of 5%, 50% 
and 60% 
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RECOMMENDATIONS FOR FURTHER WORK 
1. During the course of this research investigation, it was 
found that carbon black in particular the HAF type, improved 
the dispersibility of woodcellulose fibre in a rubber matrix 
and also the strength property of the resulting fibre-rubber 
composite. Therefore it is worthwhile to investigate the effect 
of carbon black types and its varying loading on the dispersi- 
bility and strength property of the resulting composite. 
2. As the level of processing oil to be added is known to be 
dependent on the loading of filler, an investigation to study 
the effect of varying its level on the processability (including 
dispersibility) and final properties of the composite would be 
beneficial. 
3. A detailed adhesion study based on a urethane system as 
adhesive. For simplicity of bonding and vulcanisation chemistry 
it is proposed that a separate nitrosophenol and isocyanate 
(e. g. Desmodur TT) be utilised instead of diurethane system 
as used by Aziz(31) for bonding of Kevlar (polyaramid) fibre 
to natural rubber. The advantage of using nitrosophenol and 
isocyanate separately is that the amount of each required 
(knowing the equivalent weight of fibre) for a given weight, 
of woodcellulose fibre can be calculated by equivalent weight 
basis. 
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4. Results of the present research work show that natural rubber 
composite containing woodcellulose fibre possess good mechani- 
cal properties such as Young's modulus, tear strength and sharp 
object penetration resistance. Thus a detailed investigation 
to explore the possible application of this material would be 
beneficial. 
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APPENDIX 1 
CALCULATION OF COEFFICIENT OF VARIANCE 
OF SPECIFIC GRAVITY 
Example:. Mix 2 of Table 2.4 (NR compound containing ground wood- 
cellulose fibre, 25 Phr) 
Points Observation 
Distance from Mean 
SX-7) sw 
1 1.033 0.002 4x 10-6 
2 1.033 0.002 4x 10-6 
3 1.036 0.001 1x 10-6 
4 1.035 00 
-6 5 1.031 0.004 16 x 10 
6 
7 
1.037 0.002 4x 10-6 
1.044 0.009 8x 10-6 
1.031 0.004 16 x 10-6 
8.28 1.26 x 10 
Mean 1.035 
Average distance from the mean = 
126ýx 10-4 
(variance) 
-t = 1.575 x 10 , 
Standard deviation = variance 
(S. D) 
= 
57 5X -5 
0.003969 
Coefficient of variance 
I., S. D 
x 100 mean 
0.03968 
x 100% _ ý- ýý 
= 0.3826% 
-2F 
366 
APPENDIX 2 
ANALYSIS OF EXPERIMENTAL DATA - 
MVRA BY LEAST SQUARES METHOD 
Although the second order polynomial equation was used, 
but for simplicity . 
the first order polynomial is considered 
in this appendix: 
Y= ß1 X1 +02 X2 +e (1) 
In this equation it is assumed that the response Y (or R) depends 
linearly on the two variables, X1 and X2, the error term, c, is 
included to take account of the inevitable variation in response 
from run to run at fixed levels of X1 and X2. The estimates bl 
and b2 of ßl and ß2 are chosen as to minimise the sum of squares 
of the deviations between the predicted (Y) and observed value 
(Y) of the response. 
bl X1 + b2 X2 (2) 
Using calculus, it can be shown that, the least squares estimates 
of bl and b2 may be obtained by solving the equations: 
AA 
E(Y-Y) X1 = 0, E(Y-Y) X2 =0 
Substituting (2) in (3) gives: 
(3) 
E(Y -, b1X1 - b2 X2) X1 = 0, and 
E(Y - b1X1 - b2 X2) X2 =0 (4) 
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Using the estimates of bl and b2, the sum of squares, S(b) 
will be minimised: 
S(b) = E(Y - bl X1 - b2 X2)2 
Matrix version of the normal equations 
(5) 
Matrices provide a convenient method for writing the important 
equations in least squares calculations. In matrix notation 
equation, equation (1) may be re-written as: 
+e Y=Xs (6) 
where Y, is nxL vector of the expected values of the response, 
X is the nxp matrix of independent variables, and ß is the 
Pxz 'vector of parameters. 
Since Xl and X2 ..., XP are the columns of X, the normal 
equations: 
Xi (Y-Y) = 0, XZ (Y-Y) = 0, ... Xp (Y-Y) =0 (7) 
can be combined as written as 
A 
X' (Y-Y) =0 (8) 
Prime (') means transpose. 
Equation (2) could be re-written in matrix form as 
Y= Xb (9) 
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By substituting (9) in (8) gives 
X' (Y - Xb) =0 
or X'Xb = X'Y 
(io) 
(11) 
Since it is supposed that the columns of X are linearly inde- 
pendent, XX' has an inverse, and 
b= [X'X]-1 X'Y 
In'general it can be shown that the variance-covariance 
matrix for the estimates is 
V(b) _ [X, XJ-1 vz 
(12) 
Example of, calculation using matrices as in equation (12) 
can be referred to reference 131, page 502. 
Estimation of standard errors 
A measure of the precision of the estimates of the coeffici- 
ent (say bl and b2) of regressors (Xl and X2) are obtained as 
follows: 
1. An estimate of the error variance a2 is 
S 
S2 = (n 
p) where SR is the deviance of the model 
and (n-P) is degree of freedom 
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2. Precision of estimates: 
S1 
(1 - Pz) EX1z 
V (b2) _ 
1 S2 
1- P2) EX22 
where P, which measures the correlation between the estimates bl 
and b2, is 
- EX1 X2 P 
EX1 2X2z 
w 
and the standard error of estimates of b1 and b2 are V (bl) 
and V(b2) respectively. 
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36 25.1ff 
37 -z-, 
fr-tiZ? 
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0. -, 4969' 
-4ý- 1-1117 
=tý. : S+0 3f ; 
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$Y4'h7R EBB 
----- CURRENT DISPOW INHIBITED 
} $USE Z? URD $ 
CYCLE DE4`I t7Nt'E DF 
1 0.1744E 05 40 
EtiTINIATE 
15 51.5 
ýý"-, :ýS. c_a ý: . 
3 --6L-f. 50 
4 -19.: +4 
S -1L. 24 
6ir 08 
SCALE f-'ARANETER 
UNIT 
. 
OASER4`EP 
1" 440.0 
L' 440.0 
3 440.0 
4 4, '-1*0.9 
5 450.0 
fi 
. 
440.0 
7 435. ü, U. 
8 450. Ei' .. 9 460.0 
10 475.0 
11 500.0 
12 500.0 
13 490.0 
14- 475.0 
15 500.0 
16 625.0 
17, - 6: '5,0 1s 650.0 
19 E+0tt. 0 
L: 
tJ 600.0 
21 61tº. 0 
22 : º9& 0 
. '3 5e5.0 
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25 600.0 
26 600.0 
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15,7 
5.0 
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520.0 
30 525.0 
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32 525.0 
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TRKEN AS 
Fl TTED 
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----- CURRENT VISPLRV INHIBITED 
} sUSE QUAD t 
CYCLE PE3º' IANCE CiF 
1 0.1295E 05 ' 40 
ESTFAIRTE 
1 2-92.2 
e. "' 16.62 
3 -1 i"'. 15 
4 -9.864 
5 -14.34 
6 15.44 
SCALE F'NRNMETER 
UNI V OBSERVED. 
.1 219. E? 
e: ' 250. -0 
:: 263.5 
4 245.9 
225. 59 
6 264.9 
"7 211.4 
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9 192.2 
10 273.0 
11 264.0 
1< <42.6 
13 262. r ý. 5 
14 275.5 
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16 253.1 
1! '"" :.. c: 
: t5rt ""ý 
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----- CUF'NEN i CJI tiFLRV' INHl nI TEC, 
% $LUSE t? L1N& $ 
CYCLE DEVIRNVE CF 
1 51. Eý 40 
E9TIIINTE 
1 6:. :: '0 
c: ' 0.17080 
.,, _ 4. c8; 
4 -0.66i6 
5 0.1419-11 
6 0.8: 33E-01 
SCALE FNh'HriETER 
UNI T t? E ý EF: b'Eý 
1 9.00 
`c' '"'1. OZý 
3 69.00 
4 69.00 
5 70. E: i! º 
6 00 
6r 
. 
00 
ti' C 6.00 
ý CC. 0l7 
10 62.00 
11 61. Ol1 
12 61.00 
13 60. i-? ü 
14 60. oü 
15 63.00 
16 56. Oft 
17 5r. VCt 
18 58. E: tü 
19 S7.0 0 
20 55.0 lf 
21 57.00 
« 56.00 
2_ 55`. oü 
24 5r : 00 c. `. `+ S9.00 
26 ölý. 00 
27 60. i-? ü " 28 62. Co 
29 61.00 
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32 621.00 
33 64. l: tEf 
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35 c9.00 
76 . 69.00 
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0. fl-. c 15- tý. 0. L. '. ý.: 
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----- CC11-: h'ENT DISPLAY INNlE'ITEfi. 
sý $USE OüA& $ CYCLE I>E 4` I ANL'E faF 
1 0.9608 40 
ESTIIßRTE S. E. PARAMETER 
1Z 379 0.4yO1 E-l11 On 
2R 4629001 0.2583E-01 Hn 
3 0.4975 0.2583E-01 RS 
4. R 1435 0.091001 SNl7 
5 0.1822 0.3191001 SRS 6 0.1250 0.4474E-01 HP1RS 
SCALE PRRRHETER MEN RS 0.2402E-01 
UNI T OBSERVED FATED IF'ESIDURL 
1 
2 
,. 447 -tt. 7683E-01 3.4 47 l: t. 19: 112 
0.831 7E- 01 
0.871 º"'E-0i 
lt. 2ý72 
-0.2309 
*-tl. 2309 
-0.2309 
0.4a54E-0i 
! ý. ir19 5 
0.1795 
0.1595 
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0.9981E-02 
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-0.4002E-01 
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-0.4861E-01 
-0.6861E-01 
-0.1514 
0.8,962E-01 
U. 4,962E-0i 
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tý. 7ý 62E-ýýi 
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-0.6752E-01 
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0.1409 
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0.30.95E-01 
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5 
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7 2.800 ? Eý --z 
1 
8 2.800 3., 031 
9 2% S! }o '. 031 
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11 2. 'r'S'Ct 2.6 00 
12 e'. i. i'so 2.600 
13 2. r``60 2.600 
14 2% 900 2.600 
15 2% 5l+t1 z. 600 
16 
A. z1 /'" L 2.286 
17 Z0.90,2.286 
15' 2.040 2.286 
19 2.280 2.040 
20 2% 170 2.040 
21 2.140 2.040 
22 Z, 050 A. z}40 23 2.030 2.04 0 
24 2.000 2.040 
25 2.030 A. 129 
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C: /} A. 060 C. 129 
"1 L ry 1 "ý T 
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ý1 
ý 
: 1. 
," 
'79! ý t "'i 
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39 t. 390 " 2.379 
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2.480 2.379 
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45 2.410 k 1. = 79 0. -R*095E-01 46 2.390 2. : %'i _`3 0.1095E-01 
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1,2.4 0 
ý 13. ve 
-ný', t% . ... _ ,v 
ýr ty^ý ý' ý^  
aäý ._ j'3: ý " 
'=`_-'?. fý-. ý, ý i", 
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in wi3< 
33,. i6- 
"1I: t'6 
i1: 36 
11.36 
11: 36' 
11.4ti, 
11.48 
11.48 
1 ý. VO 
1ý. 00 
1 ý: '. ýtlt 
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Et. :: ' ý'Et1 
Et, 16 ' ti'Et1 ' 
-Et. ;6 uy 
-Et ti6Yy 
16 yy 
164y 
-Et. 2'6 4y 
U. 2. +Et1 
V. AlS llnk - Zi1 
4uE Cak asý j"eý . 
I 
c: 
19 
.:. 
'C 
.ý i-. :: ' 
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$ ----- CURRENT DISPLAY INHIBITED 
: $titiE t: trNDS" 
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CYCLE PE VI RNt'E DF 
1 0.1215E 05 40 
EETIMRTE 
1 t2 ,. L1- 2 , -5. 
iaýy ý 
3 -50.41 
4 -17.56 5 -11.94 6 12.92 
St'RLE FRF'RMETER 
tINI T OBSERVED 
1 150.0 
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3 12S Eý 
4 115.0 
5 115.0 
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10 1; 0.0 
11 19 5.0 
1:? 1t'0.0 
13" 1F5.0 
14 190.0 
15 1y ý}. 0 
1 'r , 300.0 
1? 245.0 
295.0 
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290.0 
22 270. !i 
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.0 150.0 
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43 i=5.0 
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131.8 
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131.8 
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227.0 
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ccr' 
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31ý3.9 
RESIDUAL 
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13.15 
-6.846 
-15.85 
-16.95 
-11.85 
-70.56 2. `'i. 56 
10.56 
-2.9.33 
-4.330 
-19.3 3 
-14.33 
--9.330 
-19.33 
33.91 
28.91 
28.91 
-24.41 
-4.412 
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-14.41 
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_4 ý ;:. ý 
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36. !i 
34. ýi 
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----- CURRENT PISPLRY INHIBITED 
? $USE QUAD 
CYCLE DEVrt3NCE &F 
1 1312.40 
ESTIMRTE 
1 139.4 
2 4.9tiý: ý 
3 -1.194 
4 -`i S12 
. =1: ý. 64 6 5.1R: 
SCALE FRRRMETER 
UNIT OBSERVED 
1 11 0.9 
2 118.3 
3 124.6 
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5 117.3 
6 115. i' 
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11 121. ý: ý 
12 118.3 
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S. E. 
1. tý11 
0.9545 
0.95: j5 
1.17-9 
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114.4 
. 
114.4 
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139.4 
139.4 
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139.4 
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SRS 
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-11.21 
1.096 
0.2863 
-2.110 
-?. 810 
3.990 
-4. c90 
0.6105 
-2.990 
-5.690 
-5,19k? 
4.210 
S. 910 
-0.8895 
5.81 Li 
2.810 
-. 
ý 
"ý _ý --.., ý_ 
{. j 
=5 
36 
37 
38 
,a 
40 
41 
-4t 
43 
44 
45 
46 
1 5.2 
14.4 
13.6 
12.8 
12.0 
11.2 
1Eý. 4 
a. 60 
0.0! i 
7.20 
C 4l. 1 
4,60 
4. F0 
4.00 
?, 20 
2.40 
1.60 
-2.40 
-4. 
-4. 
-4 
-6.40 
-7.2L-1 
-9.00 
- fi. 8 !i 
-. g. 60 
-1 «?. 4 
-1ý. 6 
4.099 
4. E19fi 
4.099 
4.098 
3. r; 9 
ý 27-9 ý. 
11c. c '' . . 
1c'". ý# -11. ''1 ý ý, 128.5 127'. 4 1.086 
127. ' 12', 4.0.2863 
1 2,5.1 127. ý.? -2.11 fl- 123.4 127. c. ý -3,810 
:. 131.2 127.2 3.99! } 
13 4.7 139.4 -4.69Eý 
14 0. ýý 1.79.4 zý. 81lý5 
1.76.5 1.9.4 -2.890 
1.7.7 1.9.4 -5.690 
1? 4.2 1? 9.4 -5.19l: ý 
143.6 179.4 4.21 zt 
145.3 139.4 5.91tý 
138.5 139.4 -0.8995 
145.2 139.4 5.81fl- 
142.2 1? 9.4 2.810 
* 
* 
* 
* 
* 
ý 
* 
* 
* 
* 
* 
* 
** 
* 
* 
* 
* 
* 
.* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
.ý 
ý 
ý 
* 
* 
I 
ý 
,ý 
ý 
R 
R 
ý 
R 
.. 'ý. ........ ý. ........ 'ý'. ........ ý. . 104.112. j: '" @3.128. 
4.098 4. C199 4.090 4. ý399 4.098 
4.099 4.0-98.4. E19& 4.099 4.098 
4.099 4.098 4.098 4. !ý 99 4.090 
4.096 4.090 4.098 4. zý9t+ 4.099 
_. 2 79 3.279 3.279 3.279 3.2,79 
R 
R 
R 
RRR 
RR 
RR R 
R. R 
Ri 
R 
F' 
R 
R 
"` c 
R. 
R 
I 
R 
R 
2 
R 
.. 'ý ....... 'ý`. ..... ý 1 ? 6.144.152. 
5.466 5.466 5.466 
5.466 5.466 5.466 
5.466 5.466 5.466 
5.466 5.466 5.466 
'. 
"-_' i' 
ý ?. 2j r79 '. c 7.9 
3 
--- CURRENT PI SPLAf' INHIBITED 
MEE"t? UAt? - -- 
ý 
CVC, L E DE VrANt~E DF 
1'0.1514E-0-2 4 ýi 
EtiTF17RTE 
1 0. _. 9 46 
2 
-ý: 
ý 7.595E-02 
3 -0.1? 05E-1: i. 2 
4 0.1572E-02 
5 ! ý. '= ? Sc E-! ýL 
SCALE PRRRI4E TER 
UNIT OBSERVEP 
1 0.? a; 5 
c ! ý. _85E+ 
3 0.3766 
4 ! ý. 't'0 c 
. r. ' L l. 9? 7 
je. 
t+ 0.3976 
' 0.4028 
R 0.4ýi55 
9 4114 
1 4l. -1'6 
11 0.4 L1- 51 
1:. 0.4031 
13 0.4014 
14 0.4111 
15 0.41 01 " 1a ý: i. 4149 
17 , 0.410.9 1a 0.41E9 
19 L1-. 4226 
20 
zi. 4:. = 3 
t1 Ll. 4174 cc 
. E'ý. 4261 23' lý. 4c14" 
24 ýý. 4182 
25 0.412ý. ý 
c ri !I 4L-71 r' 
EI 4009 
28 0-. 3878 
29 'E?. 3,92 9 
30 E. ý. 3999 
31 0-. ? aa9 
-a ý ýý. 3" TZ a 7. ý ýG 
313 0.3859 
34 0.2--610 
'5 Eý. 3 635 
ýr 
. Eý. '36.75 
37 ! ý. 2929 
~s 
39, ' ü. 3 a0 5 
40 Lý. 'ý14 
ýý. ? 1? 4; 41 
0.7967 
7 G. 
4_ 1ý Cý. 3945 
44 ýý. 
45 ýý. = a'! ý 
46 1l.:. 955 
S. E. 
0.1a4cE-! ý2 
! }. :1 l3l: ýE+E-0; 71 
0-. 1026E-02 
0.1'-º'' l`+iE-0'c'. 
Cf. 12 6,7E-0 :? 
! t. 1r'e"'rE-t? ý'-'. 2 TAKEN RE 
FI TTED 
0.382.9 
0. = 8c 9 
i '''ý7 Z. _ýý+t- 
0.7`c9 
!: }. ? 8'c'". 3 
0.1829 
0.4026 
0.40'i''. Et+ 0.4026 
0.4 035 
0.4095 
0.4t? $5 
0 4095 
0.4085 
0.4085 
0.4117 
0.4117 
0.4117 
0.41.38 
0.4198 
0.4199 
0.4199 
0.4198 
ý. ý. 4199 
0.4135 
0.4135 
0.4135 
Eý. 3L'ti 
! }. 3870 
!3 3970- 
ý 
2704 
l: R . 3704 R 2704 
R 3946 
A ? 946 
R 3946 
! ý. 3946 
! ý. '94c 
! }. 3946 
ý: R . 3946 0.3946 
0.3946 
0.2946 
PRRAME TEA 
f: ti! "1 
HM 
RS 
SHM 
SRS 
Hl1RS 
El. 3 r'8 6E-0 4 
RESIDUAL 
. ti. 1ME-01 
0.2690E-02 
, -0.6? IOE-02 -ti. 2A0E-02 
-ti. 9218002 
0. WOE-02 
ti. 1993E-03 
t}. 2899E-ti, ý. 2 
0.8799E-02 
-0.488A-02 
-ti. 3385E-02 
-ti. 5395E-02 
-ti. ' i ti95E-ti2 
ti. 2615E-02 
ti. 1615E-02 
0.3099E-02 
-0.9009E-03 
0.5099E-02 
R 2794E-02 
0.3494E002 
-8.241M02, 
ti. 
6284E-02 
01594E-02 
-9.1616E-tii 
-K1312E-02 
-ti. 1191E-ti1 
-t}. 1ý6: IE-tiß 
ti. ý 922E-ti 3 
R 5r 92 E-ti2 
0.1992E-02 
0.12'9E-ti1 
0.1029E 01 
-ti. 1208E-02 
-ti. 7412E-02 
-ti. 6912E-02 
-t3 6 a. ý ý E-t32 !. , "'liti9E-ti 3 
ti. 5199E-ti 2 
-ti. WIE-02 
-t3.32ti1E-ti2 
A 9924E-04 
0.2099E-02 
-ti. 1009E-03 
0.1399E-02 
-ti. 1601E-02 
0.8992E-03 
0-. 1521E-Ell * 
0.144E-L-11 * R 
I 
F 
:`4 ! ý. 3C'! 3 @. 3, "'! 34 -0.7412E-tf2 
-.. 35 ! ý. 3r'5 Cl. 3704 6.912E-02 =E ! i. 3c35 tý. 3; ! i4 6912F-11-2 
37 39'9 tý. 394 6 «'il 0 8E-0 3 
39ý8 ! ý. '94 c+ tý. 51 aaE-Zf2 
4! ý ! ý. 3914 ! 'ý. 3946 -it. 3201F. -0-2 
41 tý. 3947 ! ý. 3946 Fº. 9924E-1}4 
42 ! l. 39r; ' tý ? 94 h 0. ý'tia9E-! i2 
43 ýý.: 94 5 lý. 394 C -11 1ýtlI8F. -03 
44 !Y '946 ! ý. t_ 99E-0ý 
45 !?. 3930 0. ? a4 eID- -! ý. 1601E-02 
46 - ! ý. 39f55 , 
lI 394 6 0.8992E-tI' 
Li. 152E-01 * 
! i. 144E-01 ý 
Ei. 1? 6E-01 ý 
ýi. 12ý+E-ti1 ý 
ý. i. , 
212E-lý1 ý. 
ý ý.?. 104E-0.1 
ti. 96OE-02 ý 
Li, O8ý: iE-C+2 * 
0.640E-02 * 
0.5E0E-02 * 
O. 4tiziE-02 * 
0.4 zitiE-02 s: 
P, 
R 
R 
R 
F R 
R 
R 
R 
ý. a. ? 2zýE-02 *.. RRR 
240E-02 ýRRRR 
E+. 160E-021 .ýRRRR t'OttET0_ ýRR 
t, l, Cf Gf L. c. 
-Li. t'ÜLIE-0' *R. 
R 
-o. 160E-02 ýRRRR A. ' -0.24lýE-0L *R : 20E-02 
:0 400E-02 * 
=[ý. 4gEIE-02 ý 
460E-LM 
-Li. 64lIE-02 *- 
-; 1.720E-L-12 
3 
-Li, Q L1. fl- 
E-ýýL ý 
-o. 
-0.:? ý+EýE-ýý ý 
112E-ý. ý1 ý 
ý -0.120E-L-71 E-! ýß ý 
_ 
12, 
R 
R 
F ,. 
'P 
R 
R 
R 
fi 
R 
-ý. ý. i? 6E-L1 *... *......:. ý. ........ *......... ý. ..... ýi. 37 tý .... ýi. 3 S0 Li. ý 9Li ! i. 4 L3li ýt. 4ß !i 
ýi; EiliLil. i ýi. ! }! ý! I 0 Ll. lýi. I 000. ! ýlýlý0 EI 0 C, 010 0.0 lý0.0 lýEt0 
Li. l. ililili ýi. 0000 Li. LiLi0 ti Ll. filil: il: i z}. ýý0 cýei ýý. t300. MIO 
Li. l. iliEili ! i. zýzýýi0 Li. l3EiEi ti 0. Hzi li ! i. liý: tll. ki ! i. ý; týi ýtl: t 0. Ei l3 ti ti 
! a. L1- Li Et ýi l: i. ti0 00 ! i. 0000 0.01,0 0 ! l. lii :ý ti il ! i. 0 li 0 Ci ! t. 0 rili lt 
Q. likil. i 0 ! i. ! i! iLI ti Ll. l. iliýi ti ! i. ! i! i! i 0 ! i. ýý0 1 ). lýi Ei. til; t 0 ýt ! t. 0 il. Li 0 
Eý. 0000 
ý 
.. 
*. ...... * E+. 420 0.43L1 
Eý. 0000 fý. 0000 
fl. ti Eitl Ct ti Fýt7 
! ý. titititi tý. 01i017 
ý. 0909 0. atilit} 
ýi. ti ti 11 ti Zi. 0 ti 0 ti 
ýý$ 
S's `aR HR 
----- CURRENT PISPLRY INHIBITED 
:" $U-ITE QUAD 
CYCLE PES'IRhlCE 
1 '9.19 
PF 
4 Eý 
EtiTI11t3TE 
1 95. t; 0- 
:'1.79' 
_ 0.2941 
4 -0.6'7S 
5 El. 3.741E-01 
6 -0.4-749E-07 
9L'"RL E FtiRPMETER 
UNI T OBSERVED 
1 95.0 L1 
2 84.00 
' 96.00 
4 9E. E? Ei 
5 9E+. 
/l: 
ýiEý 
a 
86. 
Lý Eý 
L4. LI 0 
9 94. L3Li 
9 84.00 
10 9?. @ L} 
11 9 ll. B: ýL} 
12 91.00 
1? 92.0 Lý 
14 92. lI Lý 
15 Si. 0 Lý 
1t+ 82. Lý0 
0 lý 1' A. 
19 82. Lilý 
19 9t+. L3Lý 
20 BIS. 00 
'c'. '1 86.00 yi: 9t+. Lie 
2' B4.0 E: 3 
: '4 9.7. LL 
c5 88.00 
a:. aL_ý. 
) i: ýLý 
i? 8 19. Li L'} 
29 9 f-. 0ý L 
L9 9E+. L1ti 
_1 871.00- 
32 9 t+. 0 Lý 
" 9t+. Lý0- 
24 99. Lý0 
35 99. LiL? 
38 L 5. LýL3 
:! '7 94. ý: ýLI 
40 86. Lý0 
41 . 
96.00 
42 L5. L3 Li 
4_ 86.0 lý 
44 9t+. 00 
45 95. L"ý0 
46 9 t+. Lý0 
ti. E. 
0. ?! }80 
0.. 162 9 
ir. 16-29 
ý: ý. ý.? 01j 
0.2ýý11 
0.2821 
ºt76; EN 195 
FITTED 
8 h. ýýl 
86. as 
86. cis 
Ltti'. 09 
86. as 
86. 
tý8 
83. 51 
8'. 51 
8'. 51 
81.81 
81.81 
3 Si. IN 
L. L. 81 Si. 81 
81.81 
8Z 92 
8r. 9t 
82.92 
8, 
85.25 
85.25 
85.25 
85.25 
85.25 
86.49 
8 6.4 9 
S E+. 49 
88.85 
8Eº. 85 
L 6.85 
LLL 
C. 85 
86.85 
'86.85 
l;. ýtti 
ýtiý 
ýLT 91". as 
". as b,, ' as 
815. býý 
85.60 
S5. c! 3 
85. E+ýý 
85.60 
85.60 
85.60 
8 5.60 
85.60 
e15.60 
PARRPIETER 
, ", G111 
HI'i 
RS 
SHt1 
tiRS 
ARS 
0.9546 
REEIDAL 
" -ý. ý: ýý = 
8261E-01 
9.8:? GE-! f1 
-0.9261E-01 
R4 891 
0.4891 
0.4 891 
1.189 
1. ß« 
-0.8121 
ti. 1tr'9 
! ý. 19t 9 -l. 3.9121 
-0.9227 
-l: j. 922i7 
-R 9227- 
R 7491 
-0.2509 
9.7491 
zý. 7491 
-1.251 
1. '49 
1.511 
-0.4tR9 
-1.499 
- 0.145. A 9547 
! }. 14 5.: 
ý. ý. 145; - 9.95471 
-0.9547 
0.922.9 
1. ah? 
ý3. 
----922.9 1.4k1f: ý 
0.4 001 
0.4001 
-ýý. Saa9 
-R 599.9 
0.4001 
.ý 'r_'". 04 
.LQ2. VV 0 n. 11" rf .1 
It 0 
_;. 
t. 
,48 LQ. 0 !i 
35 SA 0 1.? 
? E+ es. Cý0 
? 8i' 00 
9.5. ýý0 
?ü 44.00 
4l. ý 86.01: ý 
41 . , ti6.00 42 8 . rº. 00 4' st-i. ell 
44 8 r. l31: } 
45 ti Ei. ýý0 
468 'r. l: }0 
ý. týýf 
1. aý' 
1. ý0 
1. ý0 
1. ýý 
' 1,44 
:ý 1. '" 1. t0 
1.0ý 
l. 3. ýý 0 
! ý. 04lý' 
! ý. rýlý 
! ý. ý 0Eý 
ýý. 480 
! ý, = ý0 
ýi, c4 Eý 
ý3,1c0 
ýý. 0ýýý 
-! ý. 
1 'c''. !ý 
-! ý, ý40 
-ý. ý. ý'r0 
-ý. i. 48lý 
-! i. r 0! 3 
-! ý. 'ý !ý 
-E?, ý40 
-ý. ý. aý0 
-1.0s 
-1. ý0 
-1. _ý 
-1.44 
-1. Sc 
-1. rý 
-1. ý0 
-1. aý 
-ý. 04 
-ý. 1c+ 
.,., ý -ý. « 
Eý. 
ýý. 
ýý. 
ýý. 
z? - zý. 
11ý? 
11 193 
11 ý' 
11a< 
0y55 
09 55 
* 
* 
* 
* 
* 
* 
* 
ýý 
* 
. fý 
ý 
ý 
ý 
ý 
* 
1. 
* 
ýº-- 
* 
* 
* 
ý" 
* 
.ý 
*L 
ý 
ý 
ý" 
ý" 
ý 
ý 
ý 
ý 
ý 
ý 
Jie 
. 
ý`........ 
ý. ý. 11-113 Li. 
ýý. 119 _ Li.. 
0.11 a3 ý?. 
0.0955 !?. 
06.85 -tf. 6547 
86.85 -Cf. ºti'54 ' 97. Cf8 ! l. ý229 
lqi. 
091. a-t-ý "cý 
IQ ;. lý, ti' Q. 9229 85.6 Cf 1.4,01 _0 
8 5.60 1.5.9.99 
85.60 -ß. 600 85. 'r! 3 ý3.4 001 
815.60- Cf. 4 Cl ý'ý1 
85.6ýý -Cf. 15999 8 5.6 Eý 0.4! I01 
85.6ýý fl. 4 ýýý}1 
& 5.6ýý -Cf. 5999 
85.60 Cf. 4 001 
R 
R 
R 
F 
2 
. ti 
ý 
5 
3 
R 
3 
4 
3 
R 
3 
.ý 
R 
R 
R 
R 
82.6" 
..... 
t? '!. 0..... `. 2..... a6. 'Y. 
..... Lý . b. ..... 89 
lý .., . 
11.93-. ' Et. 11.93 0.11 a? e. 11 a3 0.1591 ti. 1591 0.1591 1193 0.119z 0.1193 tý. 1193 ei. 1591 0.15a1 0.1591 1193 tý. 115,3 tý. 11y3 tl. 11ý3 0.15: +1 ti. 15a1 Li. 15.91 1ßa3 0.11a3 0 . 11a3 tý. 11a3 t3.15a1 ä. 15a1 tý. 15a1 týa55 ýt. tia55 0.0 aS5 ti. ttaS5 ti. 1ta55 ti. i1a55 0. t3ä55 
} :s 
$f' 4'AR VS 
----- CURRENT DISPLAY INNIE'ITED 
? $USE t? UAD 
ý 
CYCLE DEVIRNCE &F 
1 ß: t. 84 40 
E9TI/9R TE 
1 10.59 
^ Ei. ''24 
3 1.5" 
4 -Ei. 32 liEi 
5 -0.2617 
6 -0.4250 
SE, RL E PRRRPIETER 
UNIT OBSERVED 
11 Ei. E+Ei 
ý 11.30' 
3 12.00 
4 11.60 
5 13.10 
6 12. : -, Ei 
r 1:?. 9i E 
B 121.10 
9 -12.60- 10 9.000 
11 9.600 
12 991iE} 
13 9.500 
14 9.? EiEi 
15 9.300 
1 cº 7.900 
1, ' 7.200 
1s 7.4 0 ýý 
19 8.300 
20 9.400 
: '1 9.200 
22 7.800 
2121 8. goo 
24 lq. 1E3Ei 
25 S. E+ lili 
Vr ý. 5EýEi 
27 ý. rEiEi 
29 9.8 liEi 
29 11i. 40 
._ Ei 1 li. 9a 
31 10.40 
E 32 10.3 i 
33 a. see 
34 1ý. 1li 
35 11. so 
36 11.90 
3r 10.70 
38 10.60 
^9 1Eý. REi 
4li 1 li. 50 
41 10.40 
4:? 10. Be 
43 10.60 
44 10.50 
45 10.70 
E 46 10.3 i 
E E. 
0.1, '20 
0.9067E-01 
! f. 9060-01 
0.1120 
0.11 20 
0.1570 
TAKEN R9 
Ff T TED 
1:?. 30 
12.30 
12: 30 
12.3Of 
.4 G".. 30 
. 
i:. 3ý: ý 
11. , '9 11. ; '9 
11. , '9 9.636 
9.636 
9. c+^6 
9.6-76 
9.62%6 
9.636 
?, ? 8? 
,? 7. 
, 
7ýý" 
l 
7.783 
i 
+"7. 
Lý`2"6 
,? "- 7 tiýý ý, 
7.836 
7.836 
7.836 
7.836 
9. !3 OR 
9.078 
9.078 
10.26 
10.26 
10.26 
1R 26 
10.26 
10.26 
11.38 
11.38 
11.38 
10.59 
10.59 
10.59 
10.5a 
10.5"9 
10.5a 
10.59 
1Eý. 59 
10.59 
10.5q 
FNRAI'iE TER 
;, ü1i 
HH 
PS 
SHhl 
SRS 
HriRS 
ýý. 2959 RESIDUAL 
-1.6.97 
-0.9_`? u 
-0. c., 9i1 -. , 
-0 6a'1 
0.8 029 
O. 302.9 
1.112 
0.3119 
0. t+118 
-Lý. 631 56 
9.356"lE-01 
0.2644 
-0.1356 
0.6439E-01 
-R 3 356 
0.1165 
-0.5835 
-R 3835 
0-4A7, 
0.5m7 
0.3A7 
-L}. 3635E-01 
0.163' 
0. c63C 
-0.4783 
A 5i e 7, 
-0.3793 
-0.4645 
0.13 55 
0.6355 
0.1355 
0.3547E-01 
-R 4645 
11.. 7170 
0.4170 
0.51'0 
, 5.1101 
0.1005E-01 
0.2100 
-0.9995E-R1 
-0 190L-1 
0.21 00 
0.1005E-01 
9.89a5E-01 
0.1100 
-0.2a! r0 
1.12 
1.04 .ý 
ký. ý6 ýý lk 
!?, ýt L1. lk 
_".: :C Lt. 2 e? 1 tt. ý60. : "? 4 , "'F. '- P1 Z. 8 il. !' 10. cEý -C3.4645 
-34 12. l (t 11. . 718 ti. f1r! 3 35 11. StI 11.38 0.4170 
36 
37 1tý. 7 EI 10.59 tt. 1- 5- 
:? 10.60 10.15-12 100-5E-01 
39 le. ge1! }. 59 0.210 0 
4 !ý 1Eý. 50 1cl. 5a -0.9_'? a5E-ti1 41 10.40 1 tý. 59 -0-. 1.900 42 10. sE: t "1 tý. 59 +1-. 23 10 tý 43 10.6L-1 1tt. 59 tý. 1Eilý5F-tt1 
44 10.5tý 10.59 
45 10.7L1 10.59 *" ! 3.11 týti 
46 10.30 10-. 5.9 -0.2900 
1.12 
1.04 , ý. 
ý. - E?. 960 
R 
!?. SSO ý. 
! l. 8 lý0 ý. ý' F 
0.6 40 
! ý. 56 0ýR 
! 3.4 80 .kR. 
R ! ý. 40 0* 
0.7 L !ýýRR 
! 1.2 40 ýRR 
! 1.16l1 ýR a 
! g. S! 1OE-01 ý. RRý 
! 1. ! 1! ý! 1 ýrn R-ý 
2 
-0.160 ýRR 
-! 1. t'4! 1 ý 
-0-. 320 ýRRR 4! }0 ýRR 
480 ýR2 
_O. r. "C 
! ýr ý 1ý 
[1 R 
-0-. 640 ý. R 
-! 1.72' !1 at, P 
-1: ý. S! ý! ý 
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APPENDIX 4 
CALCULATION OF SOLUBILITY PARAMETER (d) 
OF RESORCINOL-FORMALDEHYDE RESIN AND WOODCELLULOSE FIBRES 
1. Resorcinol-formaldehyde resin: 
When the chemical reaction between the resorcinol and hexa- 
methylenetetramine takes place, various intermediates are consi- 
dered to form ranging from Structure (I) to Structure (II): 
molecular weight = 140 
(I) 
molar attraction constant, G* is 
calculated as follows: 
3 -OH groups =3x 310 
1 -CH2 group =1x 133 
1 1, J group =1x 735 
EG 1798 
Density was taken as 1.2 g/cm3 (based on the S. G. of resorcinol 
and HMT). 
But d (solubility parameter) = DEG/m 
_ 
ß. 214x 1798 798 
= 15.4 (cal cm-3) = 31.4 
(mJ/m3)i 
I 
* Value of G for various groups are from references 163,164. 
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OH 
OH 
Molecular weight = 153 
EG: 
3- OH groups 
3- CH2 groups 
H2OH 
(II) 
1. group 
3x 310 
3x 133 
1x 735 
EG = 2064 
Density, D=1.2 g/cm3 
But6 =D - 
= 
1.2 x 2064 = 16.2 (cal cm-3)ý 153 
= 33.0 (mJ/m3)i 
2. Woodcellulose fibres: 
CN, OH 
-0- 
14 
Molecular weight, M (for repeating unit) 
= 177 
H ý}-0- EG: ý1- CH2 group = 
ION 
.1 x133 
3- -C-O (ether) group = 70 x3 
3- OH groups =3x 380 
1- five-membered =1x 115 
ring 
5- CH group 
EG 
Density, D was taken as 1.5 g/cm3 
But6=D TT- 
1.5 x 1738 3 = 14.7 (cal cm ) _ ---ý 77 
= 30.0 (mJ/m3)ß 
28x5 
1738 
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APPENDIX 5 
COST OF COMPOUNDING INGREDIENTS USED AND 
EXAMPLES OF CALCULATION OF VARIOUS COSTS 
MENTIONED IN CHAPTER 8 
TABLE 1: Formulation used to investigate the effect of fibre 
concentration (see Chapter 5) 
Ingredients S. G. 
Propor- 
tion 
pbw 
Volume Price/ . 
Price/ 
(cm3) , m. Tonne gm (f ) (P) 
Total 
Cost 
(P) 
SMR 5 (NR) 0.92 100 108.7 1000 0.1 10 
Zinc oxide 5.55 5 0.9 600 0.06 0.3 
St acid 0.85 2 2.35 475 0.0475 0.095 
Permanax BL 1.1 1.5 1.36 1830 0.183 0.2745 
Sulphur 2.05 2.5 1.22 194 0.0194 0.0485 
CBS 1.25 0.5 0.4 2550 0.255 0.1275 
Carbon black 1.81 15 8.25 490 0.049 10.735 
(HAF) 
Mech woodcellu- 1.31 Variable Variable 2.6 0.0216 Varible 
lose 0-85 
Processing 1.03 3 2.9 250 0.025 0.075 
oil (729 UK) 
HMT 1.272 Variabl Variable 990 (0.75-9) 0.099 Variable 
Cohedur RS 1.19 Variable Variable 3115 0.3115 Variable 
(1 - 12); 
Example of calculation: 
1. Cost 'by weight basis' 
Say at 5% volume of fibre: 
Total part by weight = 138.02g 
Total cost ofthe system = 12.177p 
Cost 'by weight basis' = 
121_777 
= 0.0875 p/gm 
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Knowing the cost by weight of composite containing 0% fibre 
(by similar calculation; 0.0924 p/g), and taking it as 100, 
the relative cost by weight of composite containing 5% v/v of 
fibre:. 
= 
0.0875 
x 100 = 97.7 
2. Cost 'by volume basis' 
At 5% v/v of fibre, 
Total part by volume = 132.56 cm3 
Total cost of the system = 12.177p 
Cost by volume basis = 0.0919 p/cm3 
3. Relative cost to achieve equivalent property 
Say, to achieve equivalent Young's modulus (taking the cost 
of composite containing 0% fibre as 100). 
Young's modulus of rubber compound containing no fibre 
(0% v/v) = 1.5 MPa, 
and Young's modulus of composite containing 5% v/v of fibre 
= 3.5 MPa 
3.5 
'Relative Young's modulus = 
= 2.333 
but Relative cost 'by weight basis' = 97.7 
Relative cost to achieve equivalent Young's modulus 
-9=3 =41.9 
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TABLE 2: Ingredients used for comparative studies of rubber 
composites containing different types of fillers 
(see Chapter 6) 
Ingredients S. G. 
Propor- 
tion 
pbw 
Volume 
3 (cm ) 
Price/ 
m. Tonne 
(£) 
Price/ 
gm 
(P) 
Total 
Cost 
(P) 
SMR 5 (NR), 0.92 100 108.7 1000 0.1 100 
Zinc oxide 5.55 5 0.9 600 0.06 0.3 
St acid 0.85 2 2.35 475 0.0475 0.095 
Permanax BL 1.10 1.5 1.35 1830 0.183 0.2745 
Sulphur 2.05 2.5 1.22 194 0.0194 0.0485 
CBS 1.25 0.5 0.4 2550 0.255 0.1275 
Silica (Ultra- 2 0 43 21.5 450 0.045 1.935 
sil VN3) . 
Pangel (Mg. 2.1 45 21.4 375 0.0375 1.6075 
silicate) 
TEA 1.13 3 2.6 3496* 0.3496 1.0488 
Ground whiting 2.7 60 22.2 60 0.006 0.36 
Santoweb 'D' 1.5 32 21.3 1600 0.16 5.12 
Resimene 1.19 2 1.7 3145 0.3145 0.629 
3520 
Woodcellulose 1.31 28.5 21.8 216 0.0216 0.6156 
fibre (mech) 
Cohedur RS 1.19 4 3.4 3115 0.3115 1.246 
HMT 1.272 3 2.3 990 0.099 0.297 
Carbon black 1.81 30 16.6 490 0.049 1.47 (HAF) 
*Price/m. Tonne was calculated based on a commercial price given 
as £98.75/25 litres (knowing S. G. of TEA = 1.13, volume was then 
converted to weight). 
A similar method as for Table 1, was used for calculation of 
the cost 'by weight basis', cost 'by volume basis' and relative cost 
to achieve equivalent property of Table 2. In this case, the 
relative cost was calculated based on the cost by weight of unfilled 
(gumstock) rubber compound (i. e. taking its cost as 100 for reference). 
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